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ABSTRACT
Understanding the Relationship Between Ion Transport,
Electrode Heterogeneity, and Li-Ion Cell Degradation
Through Modeling and Experiment
Fezzeh Pouraghajansarhamami
Department of Chemical Engineering, BYU
Doctor of Philosophy
Electrode microstructure directly affects ion and electron transport and, in turn, has a strong
correlation to battery performance. Understanding the separate yet complementary effects of ionic
and electronic transport in cell behavior is a challenge. This work provides through a combination
of experiments and modeling a better understanding of the relationship between three aspects of
the cell: ion transport within the electrode, electrode uniformity, and cell degradation.
The first part of this work compares two experimental methods that determine ion transport
in terms of tortuosity, a dimensionless geometric factor. The polarization-interrupt and blockingelectrolyte methods measure effective diffusivity and conductivity, respectively. The tortuosity of
several commercial-quality electrodes was measured using both methods, producing reasonable
agreement between the two methods in most cases.
Next, the effect of cell cycling on ionic and electronic transport of electrodes was
investigated. Using the blocking electrolyte method, the tortuosity of electrode films at varying
extents of cycling was determined. Variations in electronic resistivity were quantified by microscale measurements using a previously developed micro-four-line probe. The changes in tortuosity
and electronic resistivity were investigated for a graphite anode and several cathode chemistries
including LiCoO2, LiNixCoyMnzO2, LiFePO4, and blends of transition metal oxides. Clear
evidence of changes in tortuosity and electronic resistivity was observed during cell formation and
cycling. The magnitude of the changes strongly depended on the chemistry of electrodes and
cycling conditions. The results indicate that, under normal cycling conditions, electronic resistivity
increases while tortuosity unexpectedly decreases. However, accelerated cycling conditions (i.e.
elevated temperature) can lead to both electronic resistivity and tortuosity increase.
Finally, the interplay of electrode tortuosity heterogeneity and Li-plating was investigated.
The Li-plating reaction was incorporated into a Newman-type model and validated using the
voltage profile and capacity-loss data from experiments. The simulation result shows that a
heterogeneous anode can cause non-uniform Li plating while cathode heterogeneity did not have
a significant effect. The Li-plating profile across the thickness of the anode with cell cycling
showed that Li tends to plate at the high tortuosity region near the separator. Unexpectedly, Li
plating tends to shift to the current collector side upon a sufficient increase in porosity close to the
separator. Simulated capacity loss vs. cycling data indicates that there is a feedback mechanism
with cycling: as cycling continues the rate of Li plating for the high-tortuosity region decreases at
the separator side and the other two regions will eventually catch up in terms of plating.
Keywords: Li-ion battery, tortuosity, cell degradation, heterogeneity, Li plating, cell modeling
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INTRODUCTION

Motivation
During the last few decades, there has been substantial progress in the Li-ion battery field
that has revolutionized our society. Thanks to this fast development, electric vehicles (EV) have
become the most promising alternative to replace conventional internal combustion engine
vehicles. However, in order to gain customer acceptance, improvements in terms of range (energy
density), charging time, safety, and cost of the battery are necessary. Hence, extensive research is
focusing on making these improvements. While material scientists are focusing on developing
novel materials to meet these goals, battery design engineers are seeking to optimize and improve
battery performance using existing materials.
One of the main areas for improvement is the battery electrode porous microstructure [1-3].
Electrode microstructure directly affects ion and electron transport and, in turn, has a strong
correlation to battery performance. A better understanding of the electrode microstructure provides
valuable insight for improving battery performance and mitigating cell degradation. However, this
is very challenging due to the complex nature of the electrode microstructure.
An electrode’s porous microstructure is composed of different-sized particles. Particles and
pores are not uniformly distributed across the volume of the electrode; this mm-length-scale
heterogeneity can cause conductivity variations that lead to non-uniform current distribution and
potential across the electrode, and in turn, affect battery lifetime. Traditionally it is assumed that
1

local variations average out and we only need to worry about volume-averaged transport and
kinetic properties. However, heterogeneity could be an important factor in battery performance
and failure [4-8]. Thus, for a better understanding of battery failure, it is necessary to reexamine
the assumption that heterogeneity is of little effect.
Emerging applications of Li-ion batteries require a longer lifetime; therefore, battery
degradation becomes an important subject for the researcher in this field. One of the battery
degradation modes which is relevant to this work is lithium plating [9]. Lithium plating occurs
during high-rate charging as a result of mass-transfer limitations. This work seeks to understand
the effect of non-uniform microstructure on mass transfer. This in turn can provide a better
understanding of the correlation between microstructure heterogeneity and lithium plating.
In the remainder of this chapter, there is a discussion of the scope of work. This is followed
by a background section including a brief introduction of Li-ion battery construction and materials.

Scope of work
The main objective of this work is to provide a better understanding of the relationship
between three aspects of the cell: ion transport within the electrode, electrode uniformity, and cell
degradation. These insights are developed specifically for Li-ion batteries made with traditional
manufacturing methods and materials. In this work, we first introduce a characterization tool to
evaluate ion transport with an associated mathematical model for interpreting the results. Using
this characterization tool and others, we investigate the effect of battery cycling on ionic and
electronic transport of a series of common commercial electrode chemistries. Lastly, we use a
mathematical model of the cell to investigate the correlation between electrode non-uniformity (in
terms of ionic conductivity) and lithium plating as a result of cell cycling.
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1.2.1

Quantifying electrode tortuosity
An important step to optimize electronic and ionic conductivities within the battery’s

porous electrodes is to accurately understand each of these two quantities and their relationship to
the microstructure of the electrode. Unlike measuring ionic conductivity of a liquid electrolyte,
measuring effective ionic conductivity of the electronically conductive porous electrode is a
challenge due to the convolution of electronic and ionic pathways. The effect of ionic transport in
porous microstructure is defined by a geometric property called tortuosity. In Chapter 2, I discuss
how two techniques for overall tortuosity measurement are implemented and modified to yield
more robust and reliable measurements. The validity of these methods is also verified by showing
statistical agreement between electrode tortuosities measured by these two methods. Moreover, a
mathematical model is introduced to interpret the experimental data that can be applied to a wider
range of physical situations. These techniques provide valuable characterization tools to study or
optimize electrode transport for improved performance. This chapter is based on published work
titled “Quantifying Tortuosity of Porous Li-Ion Battery Electrodes: Comparing PolarizationInterrupt and Blocking-Electrolyte Methods” in the Journal of The Electrochemical Society [10,
11].

1.2.2

Effect of cell cycling on ionic and electronic transport
Aging or degradation of the battery material (electrodes) is another important issue that

this work addresses. In order to achieve a longer lifespan for Li-ion batteries, it is necessary to
understand the most important processes and side reactions that lead to capacity fade and
impedance growth. During battery cycling, the electrode microstructure undergoes some changes;
these changes can affect ionic and electronic transport within the electrodes. Chapter 3 addresses
the effect of cell cycling on these transport pathways, which were previously poorly understood.
3

This is done using the technique mentioned above for tortuosity measurement as well as a fourline-probe technique developed in our research group for electronic transport. This study was
performed on several commercial electrodes representative of the most-widely-used electrode
chemistries. This chapter is based on a manuscript titled “The Effects of Cycling on Ionic and
Electronic Conductivities of Li-Ion Battery Electrodes” submitted to the Journal of The
Electrochemical Society [12, 13].

1.2.3

Interplay of electrode heterogeneity and Li plating
Another phenomenon that this work addresses is the relationship between electrode

tortuosity heterogeneity and localized lithium plating. In Chapter 4, I discuss how electrode
heterogeneity can lead to non-uniform Li plating, and how the growth of this resistant layer affects
the level of heterogeneity, performance, and lifetime of the cell. In this chapter I used an
electrochemical model that imitates electrode heterogeneity to determine the degree to which
anode and cathode heterogeneities affect Li plating on the anode. Moreover, I simulate the
behavior of Li plating to find which areas in the anode are more susceptible to Li plating and
consequently to failure. Finally, I seek to understand if there is any feedback mechanism to even
out the degree of plating heterogeneity during cell cycling. A manuscript based on Chapter 4 is in
advanced stages of preparation for submission to a scientific journal [14].
The final chapter of the dissertation discusses the conclusions drawn from this work as well
as some unsuccessful attempts to measure local ionic conductivity. Finally, some suggestions for
future work are presented.
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Background
This section briefly describes the fundamentals of a conventional Li-ion battery system. This
is followed by a brief review of electrode materials and their microstructure. Finally, the electrode
fabrication process and its effect on the microstructure of electrodes are briefly explained.

1.3.1

Li-ion battery
Conventional Li-ion batteries consist of a graphite anode, a lithiated transition metal oxide

cathode, and an organic liquid electrolyte with dissociated salt that provides ionic connection
between the two electrodes. A polymer separator is placed between the positive and negative
electrodes to prevent electronic contact between them. Reversible Li-ion intercalation/deintercalation cycles between the two electrodes can provide a nominal voltage of around 3.7 V,
which is about three times higher than that of a conventional nickel-based rechargeable battery
(1.2 V). Li-ion intercalation/de-intercalation is a reversible electrochemical process during which
Li ions are inserted into or removed from cathode and anode crystal structures. The most common
Li-ion chemical process involves the following electrochemical reactions:
Anode
Cathode
Total

C6 Lix ↔ C6 + xLi+ + xe−

(1-1)

Li1−x CoO2 + C6 Lix ↔ LiCoO2 + C6

(1-3)

Li1−x CoO2 + xLi+ + xe− ↔ LiCoO2

(1-2)

As shown in Figure 1-1, during discharge an oxidation reaction takes place at the anode,
namely Li+ ions are extracted from the anode. The ions diffuse through the electrolyte to the
cathode side and cause a reduction reaction as they are inserted into the cathode structure.
Electrons generated from the reaction move from the anode to the cathode through an external
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circuit and produce work. The reverse of these steps occurs during cell charging. The cell can
charge and discharge many times as long as no significant structural or irreversible chemical
change occurs during cycling.

Figure 1-1: A schematic of the discharge of a Li-ion battery based on a graphite anode (left) and LiCoO2
cathode (right)(From reference [15] with permission of the Journal of Power Sources).

In order for an electrochemical reaction to take place, electrons and ions need to meet at
the surface of active material. Thus, electrodes should have a structure that allows both ions and
electrons to flow. To create such a structure, porous materials consisting of active material, carbon,
and binder particles have been used for Li-ion battery electrodes. Since active materials are
generally poor electron conductors, carbon black particles are needed to provide electronic
conductivity. A polymeric binder is also necessary to create cohesion among the particles and
adhesion of the electrode film to the metallic current collector.
During charge and discharge, four main electrochemical processes generally take place in
porous electrodes: (1) electron movement (conduction) in the solid phase, (2) ionic species
diffusion and migration through the electrolyte, (3) species diffusion inside the active materials,
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and (4) the intercalation/de-intercalation reaction. Each of these processes can be a source of
resistance that leads to battery power losses and effective limits to capacity. Understanding and
identifying these resistances will help battery researchers develop new materials and
manufacturing technologies to produce high-performance batteries that meet the increasing
demands of our modern society.
The focus of my research is to study the movement of Li ions in the electrolyte phase within
the cathode or anode structure that can be described by either diffusivity or ionic conductivity.
While diffusion is due to net motion of ions due to a concentration gradient, conductivity is based
on ion motion due to an external electrical potential. Both diffusivity and ionic conductivity are
highly affected by electrode microstructure and for purposes of this work are treated similarly with
a geometric parameter known as tortuosity.

1.3.2

Li-ion battery electrodes
Since their invention, Li-ion batteries have been the subject of much research because of

their impressive energy storage capacity and promising potential for further improvement [16-18].
Developing new battery materials and optimizing electrode microstructure are some effective ways
that batteries can achieve larger capacities and high-rate performance [19-23]. Li-ion cathode
materials currently of interest include LiCoO2, LiMn2O4, LiFePO4, LiNiO2 and LiNixMnyCozO2
[24]. LiCoO2 was used in the first commercial batteries and is still one of the most widely used
active materials; however, there has been a growing interest in developing cathode materials for a
lower cost and with enhanced stability and decreased toxicity [18, 22, 23, 25-27]. For anodes,
despite all attempts to find a better substitute, carbonaceous materials are still the primary
commercial materials that are used. Carbonaceous materials include graphite, modified graphite,
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and non-graphitic carbons. Graphite is a low-cost material due to its abundance in nature, and has
long cycle life; however, there are other materials, such as silicon, that have higher theoretical
energy densities compared to graphite which makes them interesting candidates as anode material
[28, 29]. Researchers are therefore attempting to develop low-cost alternative anode materials with
enhanced safety, high-energy density, and a long cycle life [30, 31].
In addition to the choice of materials, electrode microstructure and morphology are also
important parameters that affect battery performance. Li-ion battery electrodes have a porous
structure that: (1) increases surface area where the reaction between electrolyte and active material
occurs, (2) reduces solid-state diffusion length for Li ions and electrons, (3) allows the electrolyte
access to the electrode surface and provides a pathway for electrolyte diffusion [32].
Particle size and shape directly affect the electrode microstructure and hence battery
performance. Small particles are generally desired because they provide more surface area (per
mass basis) and short intra-particle diffusion distance [22, 33]. Particle shape also affects the
performance. Spherical or non-spherical particles (such as needle-shaped, rod-shaped, and platelike) are chosen to optimize performance based on electrode structure.
Another important parameter that affects the electrode microstructure is the fabrication
process that will be discussed in the following section.

1.3.3

Electrode fabrication process
Commercial cathodes and anodes are fabricated through similar processes. The process

begins by making a viscous slurry consisting of the active materials, carbon black particles, and a
polymeric binder in a solvent. The slurry is then coated onto a copper or an aluminum current
collector to make the anode or cathode, respectively. After the casting and drying steps, the
8

electrode is calendered to achieve the desired thickness and porosity. Calendering is the process
of compacting the electrode film by passing it between two metal rollers.
In addition to the characteristics of the materials that make up the electrode (such as active
material, additives) and the ratios in which the materials are combined, the fabrication process
itself plays an important role. This is because the fabrication process is a contributing factor in
determining the distribution of particles and the structure of the electrode. It is anticipated that
optimization of the fabrication process can improve battery properties such as cycle life, capacity,
safety, and cost. Parameters such as electrode thickness, porosity, mechanical stability, and slurry
homogeneity depend on the processes that occur in the manufacturing process. There are several
papers that investigate the effect of fabrication parameters on battery performance [34-38]. Some
studies focus on the effect of mixing devices, procedures, and sequences on the homogeneity
(uniformity) of the particle dispersion [39-41].
The first step in making a uniform electrode structure is to make a well-mixed slurry. To
obtain a reliable, high-quality electrode, it is essential to avoid agglomeration of the active
materials and conductive additives since agglomeration can result in poor electronic conduction in
the electrode. Furthermore, poor mixing can be a key factor in subsequently observed
heterogeneity of electrode films.
Drying is another important process in electrode fabrication in which its rate plays an
important role in the final electrode microstructure [42-44]. It is suggested that a fast drying rate
can cause binder migration from the current collector side to the surface of anode due to capillary
forces during solvent evaporation. This binder migration would in turn negatively affect ionic and
electronic pathways and could also result in poor adhesion of the coating to the current collector.
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Calendering is important for improving particle-to-particle contact and enhancing the
contact between the electrode film and the current collector. A thin, low-porosity electrode is
required for high-energy-density batteries; however, as the electrode is calendered to a lower
porosity, some of the ions’ pathways are blocked, creating a tortuous microstructure that hinders
the ionic transport and leads to a lower ionic conductivity. Therefore, it is important to calender
the electrode to an optimized porosity [45-47]. Likewise, the effect of other fabrication steps such
as drying and coating have been investigated [48-50].
The conventional fabrication process does not allow for complete microstructure control,
and it results in complex tortuous microstructures that affect both the electrolyte conductivity and
diffusivity. Furthermore, as a result of the manufacturing process as well as the interactions
between different the various particles and the binder molecules, it is difficult to distribute
materials uniformly throughout the volume of the electrode. This results in heterogeneity in the
electrode coating on different length scales, which can have a negative effect on cell performance
and lifetime. In this work, I primarily consider mm-length-scale heterogeneity in the lateral
direction of the coating, a topic that had not previously received much attention.
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2

QUANTIFYING ELECTRODE TORTOUSITY

Introduction
Since their invention, Li-ion batteries have been the subject of much research because of
their high energy density and promise for further improvement. In spite of substantial progress in
this field, designing safe and high-capacity batteries with low cost and high longevity is still
challenging. Developing new battery materials and optimizing electrode microstructure are
effective ways that batteries can achieve higher capacities and high-rate performance [19, 20, 22,
23, 51]. One way to improve the battery’s performance, relevant to this work, is to enhance
electronic and ionic transport within the electrodes. An important step to optimize electronic and
ionic transport properties within the battery’s porous electrodes is to accurately understand each
of these quantities and their relationships to the complex microstructure of the electrode. The
effects of microstructure on performance are particularly evident when operating a cell at high
current in which mass transport is more likely to limit performance.
Tortuosity and porosity are two simple parameters that can be used to summarize the
complex microstructure of electrodes. The concept of tortuosity (τ) has differing definitions in
literature. One definition of tortuosity is the ratio between the shortest pathway for mass transfer
between two points and the straight distance between those points. This definition disregards the
effect of non-uniform cross-sectional area of the pathway (Figure 2-1, pathway c). Another
common definition for tortuosity—used in this work—is described by the following equations:
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𝐷𝐷eff =

𝜖𝜖
𝐷𝐷
𝜏𝜏

𝜖𝜖
𝑘𝑘eff = 𝑘𝑘int
𝜏𝜏

(2-1)
(2-2)

where 𝜖𝜖 is the porosity, 𝐷𝐷eff and 𝐷𝐷 are the effective and intrinsic diffusivity, respectively, and 𝑘𝑘eff

and 𝑘𝑘int are effective and intrinsic conductivity, respectively. “Intrinsic” means the property of the

pure electrolyte (filling 100% of the volume) and “effective” means the measured property of the
electrolyte when it is filled within a porous structure. The ratio 𝜏𝜏⁄𝜖𝜖 is also known as the MacMullin

number (𝑁𝑁M ).

Figure 2-1: Representation of tortuous pathways.

Tortuosity is an important input parameter in mathematical models of battery performance.
These mathematical models are useful tools that provide an understanding of the kinetics and
transport properties of batteries, hence predicting the performance or failure of battery cells in a
way that is less expensive than, or not accessible through, actual experiments. The most famous
class of models originate with John Newman and coworkers [52]. These models account for the
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behavior of solid and liquid phases through solving differential equations in 1D. Such models can
be used to explain the effect of microstructure on the macroscopic behavior. The accuracy of these
models depends in part upon the accuracy of the tortuosity input parameter used.
In order to estimate tortuosity for use in computer models of battery performance, the
Bruggeman relationship is most commonly used [53].
(2-3)

𝜏𝜏 = 𝜖𝜖 𝛼𝛼

where 𝛼𝛼 is the Bruggeman exponent, commonly taken to be −0.5 [54, 55]. Experimental evidence,

however, shows that the Bruggeman relationship can significantly underpredict tortuosity for
porous battery electrodes [56].
For measuring or calculating tortuosity, there are various methods in the field of

electrochemistry [57]. These include: AC impedance-based techniques [58-62], a method based
on gas diffusion measurement [63], and 3D visualization techniques, including X-ray tomography
and focused-ion beam scanning electron microscope tomography (FIB/SEM), coupled with
computational models [64-69]. One drawback to the gas diffusion measurement is that the
measurement of in-plane diffusivity may not match through-plane diffusivity if the electrodes are
not isotropic---in contrast, the present work is focused on through-plane transport measurements,
which are more relevant to battery performance. 3D visualization techniques are limited by the
difficulty of detecting carbon and binder using X-ray tomography since carbon and binder have a
significant effect on ion transport [70]. These techniques are further limited by the relatively small
volume that SEM/FIB images can access. These drawbacks were partially addressed by Thiele and
coworkers [66] who combined the methods of SEM/FIB to determine carbon and binder
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distribution and X-ray tomography to obtain active material distribution, taking advantage of both
methods of 3D visualization. While this is effective, it requires a considerable amount of effort
and is nevertheless not a direct measurement of tortuosity.
In this work we compare two methods for direct measurement of the tortuosity of thin-film
electrodes: the polarization-interrupt method (DC method) previously developed by our group [56,
71], and the blocking-electrolyte method (AC impedance method) developed by Gasteiger and
coworkers [58]. Building on this prior work, a generalized transmission line model, comparable to
that developed by Troltzch and Kanoun, [72] and Göhr[73] is presented here and used as part of
the blocking-electrolyte method in order to take into account multiple sources of impedance. The
overall objective is to find the limits of applicability of the two methods and how well they agree
for the tortuosity of realistic Li-ion battery electrodes.

Polarization-interrupt method
The polarization-interrupt experiment is combined with a transport model and used to
measure effective electrolyte transport in porous films [56, 71]. Equation 2-1 is used to determine
either tortuosity or MacMullin number from a measurement of the ratio of effective diffusivity to
intrinsic diffusivity.
The type of cell used for this experiment is a symmetric cell made by taking a freestanding
electrode film, prepared by delaminating the electrode (separating from current collector), and
sandwiching it first between two separators and then between two lithium foils pressed onto copper
current collectors, which serve as the electrodes for the symmetric cell. Figure 2-2-a shows the
schematic diagram of the cell.

14

Figure 2-2: A schematic diagram of (a) a typical polarization-interrupt cell (b) cell used for measuring
relatively low tortuosity films.

The experiment begins by passing a fixed direct current across the cell. After a 2-minute
polarization period, the current is then ‘interrupted’ by turning it off. During the polarization, a
concentration gradient is created in the cell by generating Li+ ions at one electrode and consuming
Li+ ions at the other. A concentration gradient across the cell results in a measurable concentration
overpotential. After the interruption of the current, this concentration gradient is then allowed to
relax or equilibrate. As the cell relaxes, the cell potential gradually approaches zero. We then create
a semi-log plot of cell potential vs. time and use the slope of the relaxation portion of the curve to
find a line of best fit with the model. The line of best fit corresponds to a tortuosity value that is
taken to be the apparent tortuosity. The model generates the relaxation curve by solving a mass
transport differential equation in a 1D restricted-diffusion geometry using the finite element
package COMSOL. Restricted diffusion represents one-dimensional diffusion in the cell closed at
the boundaries in which concentration gradients occur over the entire length between the
boundaries. The model uses the intrinsic transport properties of the electrolyte to solve the mass
transport equations. These intrinsic properties are obtained from the literature [71].
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Blocking-electrolyte method
The second method used to determine the tortuosity of battery electrodes is the blockingelectrolyte method developed by Landesfeind et al. [58]. This method uses impedance
measurements of electrodes in a symmetric cell with a non-intercalating electrolyte (Figure 2-3).
A transmission-line model (TLM) is used to fit the resulting impedance curve on a Nyquist plot,
allowing for determination of effective ionic resistance (𝑅𝑅ion ) of the electrodes, which is then used

to determine the MacMullin number and tortuosity of the electrodes according to Equation 2-2.
Figure 2-4-a shows an example of such experimental impedance data on a Nyquist plot that is a
convenient shape for the blocking-electrolyte method.

Figure 2-3: Schematic of a blocking-electrolyte cell.

Blocking conditions are obtained using an electrolyte salt that cannot substantially generate
an electrochemical reaction with the electrodes at the operating potential. In this work, we refer to
this non-intercalating electrolyte as a blocking electrolyte. This method is effective because it
16

creates an ideally polarized surface, meaning that there is no Faradaic charge transfer across the
solid/liquid interface, thus simplifying the interpretation of the impedance spectrum.

Figure 2-4: (a) Example of Nyquist impedance plot with reference to key characteristics and (b) the
difference in simple tortuosity approximation methods, showing the effect on calculated tortuosity values.

Landesfeind et al. simplified the blocking electrolyte TLM by neglecting electronic
resistance because of its typical small magnitude in comparison to ionic resistance (a fact
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confirmed by our own experiments [74, 75]). Knowing 𝑅𝑅ion based on this model, the effective
conductivity can be determined based on the cross-sectional area of the cell (𝐴𝐴), the thickness of
the sample (𝑙𝑙), and the intrinsic conductivity of the electrolyte (𝑘𝑘int ):
𝑁𝑁M =

𝜏𝜏 𝑅𝑅ion 𝐴𝐴 𝑘𝑘int
=
𝜖𝜖
𝑙𝑙

(2-4)

Figure 2-5: Diagram of the transmission-line model (Equation 2-5).

2.3.1

Generalized transmission-line model
In this work, a more-detailed TLM model was developed to account for a wider range of

physical possibilities. Figure 2-5 shows a diagram of the transmission-line model for the system.
While the diagram indicates discrete resistances, the model is solved as a differential system.
Equation 2-5 gives the resulting electrode impedance from the generalized transmission-line model,
dependent on a variety of physical interactions:

𝑍𝑍EL

[𝛽𝛽(𝑍𝑍0 − 𝑍𝑍cc ) + (1 + 𝛽𝛽)𝑍𝑍0 𝑍𝑍cc + (1 − 𝛽𝛽)(𝜆𝜆𝜆𝜆)−2 ] 𝜆𝜆𝜆𝜆 tanh(𝜆𝜆𝜆𝜆) +
⎛
⎞
(1 + 2𝛽𝛽 sech(𝜆𝜆𝜆𝜆) + 𝛽𝛽2 )𝑍𝑍0 + 𝛽𝛽(1 − 𝛽𝛽)
= 𝑅𝑅ion ⎜
⎟
(1 + 𝛽𝛽)(𝑍𝑍0 − 𝑍𝑍cc )𝜆𝜆𝜆𝜆 tanh(𝜆𝜆𝜆𝜆) + 1 − 𝛽𝛽2
⎝

⎠
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(2-5)

Table 2-1 defines the variables used in Equation 2-5.

Table 2-1: Definitions of the terms found in Equations 2-5 and 2-12.
Variable

Definition

𝑍𝑍EL

Electrode Impedance

𝑘𝑘eff

Effective Ionic Conductivity

𝑧𝑧𝑐𝑐𝑐𝑐

Contact Impedance of the Solid with the Current Collector

𝑧𝑧𝑠𝑠

Charge Transfer Impedance

𝑅𝑅ion

Ionic Resistance

𝜎𝜎eff

Effective Electronic Conductivity

𝑧𝑧𝑐𝑐

Contact Impedance of the Electrolyte with the Current Collector

𝐿𝐿

Electrode Thickness

𝛽𝛽
𝑍𝑍0
𝑍𝑍𝑐𝑐𝑐𝑐
𝜆𝜆𝜆𝜆

𝑘𝑘eff
𝜎𝜎eff

𝑧𝑧𝑐𝑐 𝑘𝑘eff
𝐿𝐿

𝑧𝑧𝑐𝑐𝑐𝑐 𝑘𝑘eff
𝐿𝐿
𝐿𝐿�

𝜎𝜎eff +𝑘𝑘eff
𝜎𝜎 𝑘𝑘eff 𝑧𝑧𝑠𝑠

𝑧𝑧𝑠𝑠

𝑍𝑍𝑠𝑠

𝐿𝐿⋅𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝑠𝑠

sinh(λL)

𝑐𝑐

= �1 + 𝛽𝛽

𝑅𝑅ion
𝑍𝑍𝑠𝑠

cosh(𝜆𝜆𝜆𝜆)
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The origin of this impedance solution is as follows. The governing equation for the
conservation of electronic charge in the porous electrode is

0 = 𝜎𝜎eff

𝑑𝑑𝑑𝑑12 𝜑𝜑2 − 𝜑𝜑1
+
𝑑𝑑𝑥𝑥 2
𝑧𝑧s

(2-6)

where 𝜑𝜑1 is the potential in the solid phase, 𝜑𝜑2 is the potential in the electrolyte phase, and 𝑧𝑧𝑠𝑠 is

the linearized impedance for charge transfer between these two phases. The governing equation
for the conservation of ionic charge is likewise
𝑑𝑑𝑑𝑑22 𝜑𝜑2 − 𝜑𝜑1
0 = 𝑘𝑘eff 2 +
𝑑𝑑𝑥𝑥
𝑧𝑧s

(2-7)

The constitutive equations for electronic (𝑖𝑖1 ) and ionic (𝑖𝑖2 ) superficial current densities are:
𝑖𝑖1 = −𝜎𝜎eff
𝑖𝑖2 = −𝑘𝑘eff

𝑑𝑑𝜑𝜑1
𝑑𝑑𝑑𝑑

𝑑𝑑𝜑𝜑2
𝑑𝑑𝑑𝑑

(2-8)
(2-9)

where 𝜎𝜎eff and 𝑘𝑘eff are the effective conductivities in the solid and electrolyte phases, respectively.

The boundary conditions at the current collector assume a reference potential of zero, such that:
𝑖𝑖1 = −𝜎𝜎eff
𝑖𝑖2 = −𝑘𝑘eff

𝑑𝑑𝜑𝜑1 0 − 𝜑𝜑1
=
𝑑𝑑𝑑𝑑
𝑧𝑧cc

𝑑𝑑𝜑𝜑2 0 − 𝜑𝜑2 − 𝑈𝑈
=
𝑑𝑑𝑑𝑑
𝑧𝑧c

(2-10)
(2-11)

where 𝑧𝑧cc is the contact impedance of the current collector in the solid phase, 𝑧𝑧c is the contact

impedance of the current collector in the electrolyte phase, and 𝑈𝑈 is the open circuit potential for
the reaction of the electrolyte with the current collector relative to the potential of the Faradaic

reaction between electrolyte and active material. 𝑈𝑈 is assumed to be zero hereafter, to simplify the
solution. This is justified since 𝑖𝑖2 at the current collector is close to zero due to the low surface
20

area of the current collector. Additional boundary conditions at the separator (𝑥𝑥 = 𝐿𝐿) assume that

the separator is electronically insulating (𝑖𝑖1 = 0), and that the electrolyte potential is fixed, 𝜑𝜑2 =

𝜑𝜑L . Finally, it is assumed that impedances are linear due to small potential perturbations and the

assumption that concentration across the system is uniform in the absence of substantial Faradaic
reaction.

Any of the model parameters given above could be expressed as complex numbers. In
general, we take each of the 𝑧𝑧s , 𝑧𝑧c , and 𝑧𝑧cc impedances as equivalent to a resistor parallel to a
constant-phase element, and 𝜎𝜎eff and 𝑘𝑘eff both as real-valued.

Solving these governing equations and boundary conditions one can obtain functions

𝜑𝜑1 (𝑥𝑥) and 𝜑𝜑2 (𝑥𝑥). When these are substituted back into Equations 2-8 and 2-9 and Ohm’s law, one
can solve for the overall impedance of the electrode:

𝑍𝑍EL

2
2
𝑐𝑐 𝑘𝑘eff 𝜆𝜆 �𝐿𝐿(𝑘𝑘eff − 𝜎𝜎eff ) − �𝑘𝑘eff
+ 𝜎𝜎eff
�𝑧𝑧𝑐𝑐 � −

2
2
2
𝑅𝑅ion ⎛𝑠𝑠 𝜎𝜎eff �[𝐿𝐿(𝑧𝑧𝑐𝑐 − 𝑧𝑧cc ) + (𝜎𝜎eff + 𝑘𝑘eff )𝑧𝑧c 𝑧𝑧cc ]𝑘𝑘eff 𝜆𝜆 + (𝜎𝜎eff − 𝑘𝑘eff )� − 2𝑘𝑘eff 𝜎𝜎eff 𝜆𝜆 𝑧𝑧𝑐𝑐 ⎞
=
⎜
⎟
⎟
𝐿𝐿 ⎜
𝜆𝜆 (𝜎𝜎eff + 𝑘𝑘eff )[𝑠𝑠 𝜆𝜆 𝜎𝜎eff 𝑘𝑘eff (𝑧𝑧𝑐𝑐𝑐𝑐 − 𝑧𝑧𝑐𝑐 ) + 𝑐𝑐(𝑘𝑘eff − 𝜎𝜎eff )]

⎝

(2-12)

⎠

which reduces to Equation 2-5 by substituting the dimensionless ratios shown in Table 2-1.
Once the assumption is made that there is no Faradaic reaction at the current collector, (as
discussed above, 𝑖𝑖2 is small due to the low surface area) the boundary conditions presented here
more closely match the boundary conditions used by Troltzch and Kanoun [72], and the model

results can be considered similar. Other works have developed impedance models for systems with
diffusion by using the Warburg impedance [76, 77]. Interestingly, the results using Warburg
impedance produce similar impedance curves to those produced using the blocking-electrolyte
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method. Though the physics of the two cases are different, the resulting governing differential
equations are similar and so too are the impedance spectra.
Here we discuss the assumptions which reduce Equation 2-5 to a form more commonly
used for the blocking-electrolyte system. If we assume that electronic conductivity is much greater
than ionic conductivity in our system (𝛽𝛽 ≪ 1), then:
𝜆𝜆 = �

1

𝑘𝑘eff 𝑧𝑧s

(2-13)

And, if we also assume that there is no effective Faradaic reaction and no double-layer effect
directly between the electrolyte and the current collector (𝑍𝑍0 ≫ 1) then:
𝑍𝑍EL = 𝑅𝑅ion (𝑍𝑍cc +

1
)
𝜆𝜆𝜆𝜆 tanh(𝜆𝜆𝜆𝜆)

(2-14)

This would be expected to be a reasonable assumption in most cases given that the surface area of
contact between a largely planar current collector and the electrolyte is small relative to the amount
of contact area elsewhere in the porous electrode.
Since we observed in our experiments that in some cases there is a significant electronic
contact resistance between the electrode film and current collector it is useful to include 𝑍𝑍𝑐𝑐𝑐𝑐 in

modeling electrode impedance. This allows us to more accurately determine tortuosity for plots
such as the one shown in Figure 2-6. However, if one additionally assumes that the electronic
contact resistance between the sample and the current collector is negligible, then this reduces the
model to a form equivalent to that used by Landesfeind et al. and by Ogihara et al. [58-60]:
𝑍𝑍EL =

𝑅𝑅ion
𝜆𝜆𝜆𝜆 tanh(𝜆𝜆𝜆𝜆)
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(2-15)

Figure 2-6: Example of Nyquist impedance plot of a pristine intact uncalendered cathode with relatively
large contact resistance that obscures the high-frequency region, along with model fit using Equation 2-15.

2.3.2

Blocking conditions
It is useful to examine the conditions under which there is no effective Faradaic reaction

on the surface of the active material in the porous electrode, i.e. when there is a “blocking
condition.” The current density of the Faradaic reaction is dependent upon concentrations in the
relevant phases [77]. The Butler-Volmer-type equation shown below is for the general lithium-ion
surface reaction Li+ + e− + Γ ↔ LiΓ where Γ is the unfilled lattice site and LiΓ is the filled lattice
site in the active material.

𝑖𝑖 =

𝑖𝑖0ref �

𝛼𝛼

𝛼𝛼

𝐶𝐶 𝛼𝛼 𝐶𝐶s
𝐶𝐶max − 𝐶𝐶s
𝛼𝛼a 𝐹𝐹𝜂𝜂s
αc 𝐹𝐹𝜂𝜂s
� �
� �exp �
� �
� − exp �−
��
𝐶𝐶ref
𝐶𝐶ref,s
𝐶𝐶ref,s
𝑅𝑅𝑅𝑅
𝑅𝑅𝑅𝑅

(2-16)

where 𝑖𝑖 is the surface current density and other variables are defined in Table 2-2. The

concentration-containing terms are part of the exchange current density. Ogihara et al. obtained
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blocking conditions by testing cells at a state-of-charge (SOC) = 0% or 100%, where 0% SOC
corresponds to �𝐶𝐶s /𝐶𝐶ref,s � = 0 and 100% SOC corresponds to �(𝐶𝐶max − 𝐶𝐶s )/𝐶𝐶ref,s � = 0

Table 2-2: Definitions of the variables in Equation 2-16 (a Butler-Volmer-type equation for current
density in a lithium-ion reaction with a generic active material).
Variable

Definition

𝑖𝑖

Current Density on surface of active material

𝐶𝐶

Concentration of Lithium in the Electrolyte

𝐶𝐶𝑠𝑠

Concentration of Lithium in the Solid active material

𝐶𝐶max

Maximum concentration of lithium in solid when all active sites are filled

𝛼𝛼𝑐𝑐

Cathodic Charge Transfer Coefficient

𝜂𝜂𝑠𝑠

Anodic overpotential

𝑇𝑇

Temperature

𝑖𝑖0ref

Reference Exchange Current Density

𝐶𝐶ref

Reference Concentration in the Electrolyte

𝐶𝐶ref,s

Reference Concentration of Lithium in the Solid

𝛼𝛼𝑎𝑎

Anodic Charge Transfer Coefficient

𝐹𝐹

Faraday’s Constant

𝑅𝑅

Universal Gas Constant

Landesfeind et al. found that by using a blocking electrolyte (the concentration of lithium
in the electrolyte is negligible) the Faradaic current density is also negligible because (𝐶𝐶/𝐶𝐶ref ) =
0. Thus, Landesfeind et al. produce a more robust blocking condition that does not depend on the

state of charge of the active material. Nevertheless, we observed that, even while using blocking
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electrolyte, a slight Faradaic reaction can often be observed. This less-than-ideal blocking
condition is manifested by a slight curvature in the low-frequency portion of the Nyquist curve.
This could be due to Li ions coming from active materials or, in the case of non-pristine electrodes,
from residual Li-containing salt, or from unintended intercalation or reaction of components of the
blocking electrolyte. In any case, the generalized transmission line model developed above may
be used to account for non-ideal systems such as these.

Experimental overview

2.4.1

Electrodes
We measured 3 commercially supplied transition metal oxide (TMO) cathodes. Hydro-

Quebec also provided a lithium cobalt oxide (LCO) cathode with known composition of 93%
active material, 4% carbon, and 3% binder by weight. We also measured a single commercial
graphite anode. Table 2-3 gives the thickness and porosity for each of the electrodes measured.
The porosities are either reported by the supplier or estimated using typical porosities for
commercial electrodes (note that reported MacMullin numbers do not depend on these values).

Table 2-3: Thickness and porosity values for commercial cathodes and anodes measured
using both the polarization-interrupt and blocking-electrolyte methods.
Electrode

Thickness (microns)

Porosity (%)

Cathode 1 (Hydro-Quebec LCO)

45

17

Cathode 2 (TMO)

87

36

Cathode 3 (TMO)

60

36

Anode (Graphite)

115

36
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2.4.2

Electrode delamination
Some cells, primarily for the polarization-interrupt method, required prior delamination of

the electrode films. This was achieved by using 45wt% aqueous potassium hydroxide solution for
cathodes and a standard acid solution (either 1M nitric acid or 1M hydrochloric acid) for anodes.
Different electrodes may require different concentrations of acid or base. Acid or base
concentrations were chosen in order to delaminate the electrodes in a reasonable amount of time
without damaging the electrode structure. Figure 2-7 shows steps for delaminating an anode film.
A 2.5 × 2.5 cm electrode is placed in a petri dish and 0.5 mL of acid solution is placed on the

electrode, forming a large drop. A glass plate is placed on top of the electrode and drop (see Figure
2-7-b) in order to flatten the electrode during the delamination process and avoid wrinkles or cracks.
The electrode is then allowed to soak for few minutes until the electrode coating delaminates from
the current collector (Figure 2-7-c). The electrodes were then rinsed by soaking carefully with
distilled water repeatedly. The electrodes were then allowed to dry. A similar process was followed
for cathode films using potassium hydroxide solution; however, it was necessary to wait for the
aluminum layer to completely dissolve in solution in order to separate the electrode films. In order
to avoid aluminum residue on the films after drying it is necessary to re-apply the basic solution
after the first rinse. The cathode films are then rinsed repeatedly as with anode films and allowed
to dry. In our experience, the above aqueous treatments do not have a significant effect on
electrodes based on PVDF binder [56]. Obviously this delamination procedure is not
recommended for electrodes based on water-soluble binder.
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Figure 2-7: Delamination process of a (2.5×2.5) cm2 Anode using nitric acid.

2.4.3

Symmetric-pouch-cell assembly
The delaminated electrodes were transferred into an argon atmosphere glove box (moisture

content 0.9 ppm and oxygen content < 0.025ppm, VAC, Hawthorne, CA). The electrodes were
then placed as a free-standing film in between two separator layers (Celgard 3501, Celgard LLC,
Charlotte, NC).

The film and separators were then sandwiched between two pieces of

(approximately 4 cm2) lithium metal foil (Alfa Aesar) that had been pressed onto copper current
collectors. One Li foil is sized slightly larger than the other in order to minimize alignment
difficulty -- the smaller of the two foils constitutes the controlling electrode surface area. The entire
cell was placed into a metalized polymer film (Figure 2-2-a). An electrolyte solution of 1 M lithium
hexafluorophosphate in a 50/50 (v/v) mixture of ethylene carbonate and diethyl carbonate was
injected into the pouch. The pouch was then sealed using an electric heat sealer (Impulse Sealer
Tish 200, Electronic Heating Equipment Co.).
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In order to make blocking-electrolyte cells, electrodes and separator were placed into a
pouch cell according to the configuration shown in Figure 2-3. A 4 cm2 electrode and a second
larger electrode were cut. As discussed above, the difference in size is for convenience in aligning
the two electrodes. The total effective area of the cell is 4 cm2 so that the cell is essentially
symmetric. A separator was placed between these electrodes and the stack was placed into the
pouch (Figure 2-3). Uncoated current collector protruded outside the sealed pouch and was used
as an electrical connection. An electrolyte of 20mM tetrabutylammonium hexafluorophosphate
(TBAPF6) in a 1:1 (w:w) mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC) was
added to the pouch cell and the cell was sealed using a heat sealer. We also tested blockingelectrolyte cells using TBAPF6 in a mixture of propylene carbonate and EC as well as TBAClO4
(tetrabutylammonium perchlorate) in a DMC/EC mixture. The results of these tests indicated that
only slight variations in tortuosity measurement resulted from changing electrolyte mixtures. We
chose TBAPF6 in DMC/EC because of its similarity to the electrolyte used in commercial Li-ion
cells. All of the salts and solvents used in these tests were obtained from Sigma Aldrich.

2.4.4

Cell testing
Polarization-interrupt cells were tested using a Maccor 4300. The cells were first cycled

several times to form an SEI layer on the Li metal. The formation cycle includes passing a constant
current (0.5 mA/cm2) for 10 minutes followed by 3 minutes relaxation. In every other cycle, the
current direction is changed in order to maintain symmetry in the cell. After the formation cycles
were completed, the cell was polarized by passing a fixed current (either 0.75, 1, or 1.25 mA/cm2)
through the cell for 2 minutes. The current was then turned off or interrupted. After interruption of
the current, the system was then allowed to equilibrate for several minutes. As the cell relaxes,
the cell potential gradually approaches zero. The test was then repeated with current in the opposite
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direction. Relaxation curves for multiple experiments were averaged and then fit to a diffusion
model as described in prior work [19].
We tested our blocking-electrolyte cells by following the method developed by
Landesfeind et al. for determining tortuosity. Using a Bio-Logic SP-200 potentiostat, EIS
measurements were taken near the open-circuit voltage of each cell. An appropriate frequency
range with a 10 mV perturbation was used. Generally, a frequency range of 0.5 Hz to 500 kHz
provides an appropriate Nyquist spectrum; however, depending on the sample it might be required
to choose a wider frequency range. The widest range we used was 0.1 Hz to 3 MHz.
Both polarization-interrupt and blocking-electrolyte tests were run after allowing the cell
to sit for approximately 24 hours to ensure that the sample was completely wetted. Cells were
tested under an external pressure of approximately 45 kPa, produced by placing a rubber layer and
a metal weight on top of the pouch cell.
Both methods were repeated by making a new pouch cell for each test, in order to obtain
95% confidence intervals. For Figure 2-8 tests were repeated for 8 cells for blocking-electrolyte
and 5-7 cells for polarization-interrupt methods. The maximum uncertainty in tortuosity values
obtained for blocking-electrolyte and polarization-interrupt methods were 5% and 12%,
respectively. For other results noted below, fewer repetitions were performed. For some cases, due
to lack of sufficient materials, repetitions were not performed; for these cases, uncertainty can be
estimated based on the above general uncertainties in the methods. Furthermore, the model was
not considered as a significant source of uncertainty; based on our experience, we expect more
uncertainty from one sample to the next rather than any particular model fit.
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Results and discussion
Polarization-interrupt and blocking-electrolyte values for tortuosity are shown side-by-side
in Figure 2-8. The results show reasonable agreement between the two methods. This result
validates both methods and confirms that tortuosity values are larger than predicted by a
conventional Bruggeman-type relationship, as previously reported by our group [56, 71]. Of note,
both Cathode 3 and the Anode show apparent disagreement between the two methods. We
observed that the delamination process resulted in increased thickness for these two samples (12%
for cathode 3 and 5% for the anode). This increase in thickness results in increased porosity of the
electrodes and this may contribute to the apparent disagreement in tortuosity since nominal (dry)
thickness and porosity values were used to calculate tortuosity, according to customary practice.
In order to better compare the two methods using delaminated films for both methods, delaminated
films were tested using the blocking-electrolyte as explained in the section below. Comparing the
two methods for the delaminated films again establishes reasonable agreement.

Figure 2-8: Comparison of tortuosity values for polarization-interrupt and blocking-electrolyte methods for
(a) commercial quality transition metal oxide cathodes and (b) a commercial quality graphite anode. 95%
confidence intervals are shown, except in the case of blocking electrolyte (delaminated film).
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Slight differences between tortuosity values from diffusivity and tortuosity values from
conductivity could be attributed to nanoscale effects. Transport theory shows that, assuming no
interactions between the electrolyte and the walls of the pores (i.e. bulk behavior), tortuosity values
obtained from conductivity and diffusion will be the same. On the other hand, electrokinetic theory
suggests that there could be slight differences in these values if enough electrolyte is present in
nanoscale pores, such that a large fraction of the ions in these pores is found in the electrochemical
double layer [52]. To make a quick estimate of such a possibility, one could compare a typical
pore diameter with the Debye length for the electrolyte. If the smallest pore diameters in battery
electrodes are on the order of typical carbon black diameter (around 50 nm), and the electrolyte
Debye length is around 0.3 – 2 nm (for the range of concentrations used in this work), then
approximately 1 - 8% of the ions in those pores would be within one Debye length of any pore
wall. Again this suggests only a small effect would be possible. Nevertheless, in this work
tortuosity values by diffusion and conduction experiments have reasonable agreement. Any
differences are within experimental uncertainty, making it difficult to attribute such differences to
possible nanoscale or double-layer effects.

2.5.1

Blocking-electrolyte method
Blocking-electrolyte data is fit by a least-squares fit, namely by minimizing the objective

function shown below (Eq. 17) which results from the generalized transmission-line model (Eq. 5)
discussed above
(|𝑍𝑍t − 𝑍𝑍|)2
𝐹𝐹 = �
|𝑍𝑍t |𝑝𝑝
𝑛𝑛=1
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(2-17)

where 𝑍𝑍t is the experimental impedance at a particular frequency and 𝑍𝑍 is the corresponding
impedance given by the model for the symmetric pouch cell:
𝑍𝑍 = 2𝑍𝑍EL + 𝑅𝑅sep

(2-18)

The objective function minimizes the error between the electrode impedance of the model (𝑍𝑍EL )

and the experimental impedance data (𝑍𝑍t ). It was found empirically that normalizing or weighting
the errors (by means of the denominator in Eq. 17, including the exponent p) improved the

robustness of the fit. By robustness we mean that model and experiment match well in the
intermediate-frequency “elbow” region of the Nyquist plot, in order to determine the best value of
𝑅𝑅ion . Different values of exponent p were tested, and generally, 𝑝𝑝 = 0.01 worked well. Other

weighting schemes are possible and can affect the regressed parameters [78]. Figure 2-9 shows an
example fit to experiment using our recommended objective function.
Figure 2-4-a is a schematic that emphasizes some key points, discussed below, in fitting
the Nyquist plots generated from the blocking-electrolyte experiment. Firstly, the angle of the
Nyquist curve in relation to the real impedance axis in the high-frequency region is twice the angle
in the low-frequency region, i.e. on either side of the “elbow.” This relationship is also reflected
in the dependence that both the high frequency and low-frequency portions of the Nyquist curve
have on parameter 𝛾𝛾s . This double-angle relationship can aid in trying to get an adequate model fit

when experimental results are less ideal. Secondly, as the blocking conditions become less ideal

the low-frequency portion of the Nyquist plot exhibits greater curvature due to the influence of
Faradaic reaction at these low frequencies. While this curvature is accounted for in the general
model, it is problematic when attempting to find a quick graphical approximation of tortuosity as
explained below.
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Figure 2-9: Example of Nyquist impedance plot of blocking electrolyte experiment with model fit for a
cathode sample.

2.5.2

Approximating ionic resistance
Although fitting the full impedance spectrum to the mathematical model is a more reliable

way to get an accurate ionic resistance (𝑅𝑅ion ) , there are some quick approximation methods that

can give us a reasonable estimate of 𝑅𝑅ion . As shown in Figure 2-4-a, the difference between the
high-frequency intercept 𝑅𝑅h and the low-frequency intercept 𝑅𝑅t is approximately 𝑅𝑅ion /3. Ogihara

et al. proposed a “drop-down method” meaning that the low-frequency intercept is simply the real
impedance at the elbow of the Nyquist plot. This method can be problematic because of the
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difficulty in identifying which point of a continuous impedance spectrum should be projected
down to the real axis. Landesfeind et al. used a transmission-line-model to determine 𝑅𝑅ion but
suggested that a quick approximation can be found by a linear extrapolation of the low-frequency
portion of the Nyquist plot. As discussed above, however, the low-frequency region is not always
a straight line but frequently has some curvature due to Faradaic reaction. One improvement to the
linear approximation suggested by Landesfeind et al. may be to account for the curvature of the
low-frequency region in determining the low-frequency intercept value. This is done by using a
circular rather than linear fit in the low-frequency region. Figure 2-4-b shows the approximated
tortuosity values using these three methods as compared to using our detailed model.

2.5.3

Polarization-interrupt method
Figure 2-10 shows a typical relaxation curve for the polarization-interrupt method. The

region marked in black indicates the portion of the curve which is taken to be the linear diffusive
region. This region is chosen to minimize the influence of random noise as well as possible small
DC bias potential, both of which impact the diffusive relaxation signal at longer times. On the
other hand, at too short of times fully diffusive behavior has not begun. Therefore, based on
multiple experiments the time range indicated in the figure was chosen for the fit. The slope of this
linear diffusive region is measured and the model (developed by Thorat et al. [71]) is used to find
the tortuosity corresponding to the slope that best matches this measured slope.
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Figure 2-10: Example of cell potential during the polarization-Interrupt experiment. The black dashed line
shows part of the data taken to be the linear diffusive region.

2.5.4

Method comparison
While both polarization-interrupt and blocking-electrolyte methods return comparable

values of tortuosity, it may be more convenient to apply one method rather than the other for
particular electrodes. For example, the blocking-electrolyte method is generally faster and more
convenient; however, for some cases, the generated Nyquist plot does not lend itself to easy
quantitative analysis. Figure 2-11 shows, as an example, the Nyquist plot of an anode harvested
from a cycled cell and that cannot be analyzed under the blocking-electrolyte method due to an
abnormal shape. The harvested electrode has been rinsed with dimethyl carbonate multiple times
to make sure there is no salt residue remaining to interfere with the blocking condition. A definitive
conclusion on possible causes for this abnormal shape is beyond the scope of this work.
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Figure 2-11: Nyquist impedance plot of blocking electrolyte method for the cycled anode. The inset shows
behavior at high frequencies.

Figure 2-6 shows the Nyquist plot for a non-commercial cathode for which the highfrequency region is obscured by a semicircle attributed to contact resistance [58, 79]. The detailed
model presented in this work can account for this contact resistance, allowing effective ionic
resistance to be determined, albeit with increased uncertainty. An alternative for cases with large
contact resistance is to reduce electrolyte conductivity, which may deconvolute electronic and
ionic effects and allow ionic resistance to be clearly observed. Figure 2-12 illustrates this, showing
how the overlap between electronic and ionic impedances at high frequency is reduced. While this
solution may be useful in some cases, one should consider that making electrolyte conductivity
too low may introduce other difficulties. For instance, at very low concentration, electrolytes are
more sensitive to impurities, and conductivity variation due to possible solvent evaporation during
pouch assembly is more pronounced. A third alternative for dealing with cases of large contact
resistance, namely delamination and replacement of the current collector, is described below.

36

Figure 2-12: Example of Nyquist impedance plot of a cathode, using electrolytes with different
conductivities, showing the effect of lower conductivity electrolyte in de-convoluting ionic from electronic
contact resistances.

Some concerns with using the polarization-interrupt method may arise from issues with
delamination of thin films that can easily be damaged during this step (Figure 2-13). While thin
films can be delaminated, it can require more time, lower concentration acid or base solution, and
great care. In addition, films with low tortuosity compared to the tortuosity of the separator layers
can increase error since it can be difficult to distinguish small variations in separator tortuosity
from the tortuosity of the film. A related problem is that thin films (i.e. with small diffusion time
constants) may not exhibit a sufficiently linear diffusive region to enable accurate matching to the
transport model. As shown in Figure 2-2-b, this particular problem can be overcome by using
multiple stacked layers of the delaminated film to increase the diffusive resistance of the sample
relative to that of the separators.
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Figure 2-13: Photographs of delaminated (a) intact film and (b) film damaged by delamination.

Both tortuosity measurement methods can also be sensitive to the amount of wetting,
electrolyte leakage from the cell, and evaporation of the electrolyte during assembly. Efforts were
made here to minimize these effects. Furthermore, variation in the blocking-electrolyte method
due to evaporation can be normalized by using the high-frequency intercept of the Nyquist plot as
an internal reference to determine the intrinsic conductivity of the electrolyte. This requires
knowing the MacMullin number of the separator so that the intrinsic conductivity of the electrolyte
can be determined in situ.
The tortuosity of the separator (Celgard 3501) was measured using the AC impedance
method explained by Thorat et al. [71] Here the method was implemented in pouch cells with 4
cm2 stainless steel electrodes, TBAPF6 electrolyte, and multiple (2, 4, 6, or 8) layers of separator.
The tortuosity for this separator was determined to be 3.24 from the linear fit to experiments with
differing numbers of separators. The single-layer thickness and porosity are reported to be 25 μm
and 55% respectively.
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2.5.5

Blocking-electrolyte with delaminated film
Large semi-circles in the high-frequency region of the Nyquist plot (i.e. large contact

resistance) were only observed for cathodes, which have an aluminum current collector, rather
than for anodes, which have a copper current collector. We observed that when the same slurry is
coated on both aluminum and copper foils, the electrode with the aluminum current collector may
show significant contact resistance and yet there is no contact resistance for the equivalent film on
copper. This observation further supports the idea that the semi-circle in the high-frequency region
of the Nyquist plot is due to contact resistance and its associated capacitance between the electrode
film and current collector, as also concluded by Landesfeind et al. [58] and Gaberscek et al. [79]
The loss of contact between current collector and electrode film for cathodes can be attributed to
nonconductive oxidized aluminum at the interface of the electrode film and the current collector.

Figure 2-14: Nyquist plot of the blocking-electrolyte test for (a) intact cathode exhibiting large contact
resistance and (b) delaminated cathode with copper as a current collector resulting in small contact
resistance. Fitted tortuosity values and 95% confidence intervals are indicated on the plots, based on
performing multiple tests, only one of which is shown in (a) and (b) respectively..
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As mentioned above, to eliminate this problem and enable reliable ionic resistance
measurement we tested the idea of delaminating a cathode from its aluminum current collector and
replacing it with freestanding copper foil in the blocking electrolyte pouch cell. Figure 2-14 shows
how contact resistance significantly decreases by replacing aluminum with copper in this manner.
This is for an uncalendered cathode film. The resulting Nyquist plot can be used to reliably
calculate the tortuosity of the cathode. The tortuosity of Cathode 1 (Hydro-Quebec LCO) was
tested for both the intact cathode (aluminum current collector) and for the delaminated cathode
using copper as the current collector. Since the Nyquist plot using the intact cathode did not exhibit
a large semi-circle in the high-frequency region, we conducted this test in order to validate that
delamination does not have a significant effect on the tortuosity of the sample. Figure 2-15 shows
reasonably good agreement between these two methods. For Figures 2-14-a, 2-14-b, and 2-15-b
the number of tests to determine error bars was each 3. Figure 2-15-a presents results previously
given in Figure 2-8.

Conclusion
Battery models are useful tools for understanding how manufacturers and researchers can
improve battery performance. Accurate tortuosity values are an essential input for any complete
model of Li-ion battery performance. The polarization-interrupt method and blocking-electrolyte
method are two effective ways for direct measurement of the tortuosity of Li-ion electrode films
and are discussed and compared in this work.
The polarization-interrupt method, previously developed by our group, measures electrodefilm tortuosity in terms of effective diffusivity. This is accomplished by building up a
concentration gradient of ions in the film using a DC current and then interrupting the current and
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determining diffusivity using the slope of the relaxation curve. The blocking-electrolyte method,
developed by Gasteiger and coworkers, is an alternative method for direct measurement of
electrode-film tortuosity. This method uses AC impedance and a transmission-line-model to
determine the effective conductivity of a cell under blocking conditions.

Figure 2-15: Nyquist plot of the blocking-electrolyte test for cathode 1: (a) intact and (b) delaminated with
copper as a current collector. Fitted tortuosity values and 95% confidence intervals are also shown, based
on performing multiple tests, only one of which is shown in (a) and (b) respectively.

The model used by Gasteiger and coworkers is a simplified transmission-line-model. In this
work, we propose a transmission-line-model that accounts for additional physical phenomena
including impedance due to contact resistance between the current collector and the electrode film.
This model can be adapted to account for a wider range of physical possibilities than models
previously available in the literature.
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In this work, the tortuosity of several commercial electrodes was tested using both methods
to compare and validate the results. Tortuosity values obtained through the blocking-electrolyte
method are generally in agreement with those obtained through the polarization-interrupt method.
This effectively validates both methods for direct measurement of tortuosity. Both methods are
helpful since neither method is useful for every type of electrode film. In future work, we will use
these techniques to study the effect of variables such as cycling and mixing processes on the
tortuosity of electrode films.
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3

EFFECT OF CELL CYCLING ON IONIC AND ELECTRONIC TRANSPORT

Introduction
Li-ion batteries are well-established as energy storage for portable electronics due to their
high energy densities, low self-discharge, and long cycle life. These batteries are also the most
accepted technology as energy storage for electric vehicles (EV). Current battery life is satisfactory
for some applications, whereas for others, such as EVs, stationary energy storage, or satellites,
higher cycle life and a longer lifespan are desired [80]. In order to achieve a longer lifespan for Liion batteries, it is necessary to better understand the most significant of the many complex
processes that lead to cell aging or deterioration.
Cell aging occurs during both passive storage and active cycling. Aging during storage, also
called calendaric aging [81, 82], is due to thermodynamic instability of the materials. Cycling
additionally leads to degradation due to changes in active material state of charge and the presence
of electrochemical gradients [83]. One generally observes over a cell’s lifetime two main changes:
capacity fade and impedance growth [84-89]. In this work, we seek to understand how much this
impedance growth during cycling is attributable to changes in bulk ionic and electronic transport
properties of the electrodes.
Electrode transport properties are directly related to the microstructure of the porous
electrode. Porous-electrode microstructure is defined by how solid materials (active, carbon, and
binder) and pores are distributed within the volume of electrode film. Therefore, any changes in
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electrode microstructure during the battery aging process can influence electrode transport
properties and subsequently, battery performance and reliability.
Porous-electrode microstructure can be described by tortuosity along with porosity of the
electrode. In this work, the ratio of intrinsic electrolyte conductivity (kin) to effective conductivity
(keff) is used to determine the MacMullin number (𝑁𝑁𝑀𝑀 ), which with known porosity (ε) can be used
to determine tortuosity (τ). The MacMullin number can also be defined as the ratio of intrinsic

electrolyte diffusivity (Din) to effective diffusivity (Deff). These relationships can be summarized
as
𝑁𝑁𝑀𝑀 =

𝜏𝜏 𝑘𝑘in
𝐷𝐷in
=
=
𝜀𝜀 𝑘𝑘eff 𝐷𝐷eff

(3-1)

To our knowledge, there have been no published direct measurements of electrode tortuosity
and electronic resistivity showing how these parameters evolve during battery lifetime. Knowledge
of electrode tortuosity and electronic resistivity of the aged electrode can help to better understand
and mitigate electrode deterioration mechanisms and provide guidance for a better design.
Moreover, it can offer useful information for physics-based models to provide a more realistic
prediction of battery lifetime and failure.
In order to provide an overview of different battery degradation mechanisms and to link
these processes to microstructural changes in electrodes, some of the main aging phenomena are
here briefly introduced. Battery aging can originate from either chemical or mechanical
degradation mechanisms [90]. Chemical degradation mechanisms are mainly associated with
unwanted side reactions that result in electrolyte decomposition, passive film formation, gas
formation, and active material dissolution [91, 92]. Mechanical degradation mechanisms, on the
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other hand, are associated with mechanical stress and strain due to the volume changes during Li
de/-intercalation processes [93].
In a negative electrode (anode), the main contributor to the impedance growth is considered
to be solid electrolyte interphase (SEI) growth and evolution during the lifetime of the battery [94,
95]. Creating this passivating layer as a result of electrolyte reduction irreversibly consumes
lithium, which results in a capacity loss at an early stage of battery life. The growth of this resistive
layer can also modify the structure of the double layer at the electrode/electrolyte interface and
increase the charge transfer resistance and therefore raise the local impedance of the electrode [84].
Another aging mechanism in the anode active material is attributed to the molar volume
changes due to Li-ion insertion into/extraction from the host material. These volume changes can
impose mechanical stress and strain to the active material and cause particle fracture and loss of
contact between different components of the electrode, i.e., active materials, carbon, binder, and
current collector [96, 97].
Mechanisms that are known to contribute to cathode aging include structural changes during
cycling and chemical decomposition and dissolution reactions [90, 98]. These mechanisms are
complicated and interdependent. Their sensitivity to cell chemistry and cell design means they
may vary from manufacturer to manufacturer [93].
Li-ion insertion into/extraction from the positive active material leads to changes in the
molar volume of the particles that consequently induce mechanical stress and strain to the active
particle. This expansion and shrinkage can accompany a phase transition that leads to crystal lattice
distortion and subsequently generates more mechanical stress [93, 99, 100]. These mechanical
stresses result in loss of electrical contact between particles, as well as their contact to the
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conductive network of carbon, binder, and current collector, which consequently leads to an
increase in impedance of the cell. It has been shown that such a structural change can have a more
significant effect on the cathode performance compared to a carbonaceous anode [101], even
though the volume change of cathode active materials is typically lower than that of graphite.
Electrolyte electrochemical oxidation at the high positive potential of positive electrodes
takes place at the electrode/electrolyte interface and creates an SEI-type surface film referred to as
cathode electrolyte interphase (CEI). Formation of the CEI layer contributes to the impedance
increase of the cell, though compared to the anode SEI, the CEI appears to contribute less to overall
cell deterioration [101-103].
Active material dissolution is another aging mechanism in positive electrodes, and mainly
occurs in Mn-based active material and accelerates with temperature increase. Manganese
dissolution causes a loss of active material, which in turn leads to a capacity fade. Even more
consequential, dissolved transition metals tend to migrate to the anode side and incorporate into
the SEI layer, increasing the electronic conductivity of the layer. This increase in conductivity
consequently accelerates SEI growth which contributes to further increases in cell impedance and
capacity fade [104].
Changes in electrode microstructure occur during the lifetime of the battery. Growth of the
passivating layer at the electrode/electrolyte interface can lead to progressive clogging of
micropores, affecting electrode porosity and microstructure. Mechanical degradation is another
factor that can impact electrode microstructure. Mechanical degradation leads to particle fracture
and morphological changes that compromise electrode structural integrity and cause loss of contact
among active material, binder and carbon particles [96, 105, 106]. It has been observed that microcracks develop in cathode particles during cycling. Microcrack development is dependent on the
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chemical composition of the cathode active materials [107]. Another factor that can influence
electrode microstructure is binder and carbon black migration. A study on Li(Ni,Mn,Co)O2/carbon
lithium-ion batteries cycled at high temperature by Bodenes et al. showed poly(vinylidenefluoride)
(PVDF) binder migration from the outer layer of the positive electrode toward the negative
electrode [108]. Their study revealed significant changes within the microstructure of the electrode,
which was due to the nonhomogeneous distribution of the binder as a result of binder migration.
Likewise, Striebel et al. observed the presence of disordered carbonaceous material on the surface
of aged anode attributed to carbon black additive migration from the composite cathode to the
anode [109].
The focus of this work is to study changes in electrode tortuosity and electronic resistivity
caused by battery aging during cycling. In order to obtain tortuosity values, we used the blockingelectrolyte method introduced by Gasteiger and coworkers [11, 58]. In order to obtain microscale
electronic resistivity measurements, we used the previously fabricated micro-four-line probe and
measurement inversion technique [75].
Li-ion battery performance depends on the choice of active materials and cell design and
manufacturing process; aging mechanisms are influenced by these factors. In order to have a
comprehensive understanding of cycling effect on electrode transport properties, both an anode
and cathodes with different chemistries from different format cells commonly used in the industry
were chosen for this study. Cathode chemistries included lithium cobalt oxide (LCO), lithium
nickel cobalt manganese oxide (NCM), lithium iron phosphate (LFP), and a blend of transition
metal oxides (TMO). Electrodes were tested at different stages of battery health: (1) pristine
electrodes which had never been in contact with the electrolyte, (2) formed electrodes harvested
from newly-assembled batteries, and (3) cycled electrodes harvested from repeatedly cycled
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batteries. In two of the above cases, LCO and blended TMO, electrodes were fully cycled,
harvested, and then sent to us, whereas for two other cases, LFP and NCM, cells were cycled in
our laboratory.

Experimental overview

3.2.1

Symmetric pouch cell assembly
Because electrodes that were harvested from battery cells contain dried lithium salts and

ethylene carbonate, a rinsing procedure was used to remove any residues. This rinsing procedure
is important for the blocking-electrolyte method since it is necessary to avoid any intercalation of
residual lithium salts.
Dimethyl carbonate solvent was specifically chosen for the rinsing process as it is a
component of the battery electrolyte, to prevent any possible undesired interactions. The electrodes
were soaked in a dimethyl carbonate solvent for at least 12 h. The electrodes were then removed
and the conductivity of the waste solvent was measured. This process was repeated until the
conductivity of the waste solvent was found to be vanishingly small. The electrodes were then
dried.
In order to make blocking-electrolyte cells, electrodes and separators were placed into a
pouch cell in a symmetric configuration. For larger samples, one 2 cm × 2 cm electrode and a
second electrode (larger than 4 cm2, to provide at least 1mm overhang from all 4 sides) were cut.
A separator (Celgard 3501, Celgard LLC, Charlotte, NC) was placed between these electrodes and
the stack was placed into the pouch. Uncoated current collector tabs protruded from the pouch. For
smaller samples, the electrode dimension was 1.5 cm × 1.5 cm. An electrolyte of 15 mM
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tetrabutylammonium hexafluorophosphate in a 1:1 (w:w) mixture of ethylene carbonate and
diethyl carbonate was added to the pouch cell and the cell was sealed using a heat sealer. All of
the salts and solvents used in these tests were obtained from Sigma Aldrich.

3.2.2

Pouch cell testing
Blocking-electrolyte cells were tested by following the method explained in Pouraghajan

et al. [12] for determining tortuosity. Using a Bio-Logic SP-200 potentiostat, electrochemical
impedance spectra were measured around the open-circuit voltage of each cell. A frequency range
of 0.5 Hz to 1 MHz with a 10 mV perturbation was used for determining ionic resistances of the
cells.
A differential-equation-based transmission-line model (TLM) was used to fit the effective
ionic resistivity of the electrodes (Rion), which was then used to determine the MacMullin number
and tortuosity of the electrodes. Knowing Rion based on the model, the MacMullin number (𝑁𝑁𝑀𝑀 )

can be determined based on the cross-sectional area of the cell (A), the thickness of the sample (l),
and the intrinsic conductivity of the electrolyte (𝑘𝑘𝑖𝑖𝑖𝑖 ):
𝑁𝑁𝑀𝑀 =

𝜏𝜏 𝑅𝑅ion ⋅ 𝐴𝐴 ⋅ 𝑘𝑘in
=
𝜀𝜀
𝑙𝑙

(3-2)

All pouch cells were tested under external compression of approximately 45 kPa. For each
case, the measurements were repeated by making 4 pouch cells, in order to obtain a 95%
confidence interval and average.
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3.2.3

Electrode delamination
Delamination of the electrode films was achieved by soaking cathodes in 5-7 M potassium

hydroxide solution. The electrodes were then rinsed with distilled water and allowed to dry.

3.2.4

Electronic measurement
A flexible micro-four-line probe (Figure 3-1) was used to calculate the average electronic

conductivities. This probe design is based on the four-point-probe theory, where conductive lines
are used instead of points [110]. This method is non-destructive since lines lay flat on an electrode
allowing good contact, whereas points could puncture the electrode or connect to the current
collector instead of the battery film.

Figure 3-1: Picture of flex probe.

The four-line probe takes tangential and orthogonal measurements, as shown in Figure 32. For tangential measurements, a current is applied to the first line while the fourth line is
connected to the ground. Then, the voltage is measured across the second and third lines. For
orthogonal measurements, the same current is applied to the first and fourth lines while the current
collector is connected to the ground. Then the voltage is measured across the second and third lines
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[75]. From these measurements, bulk conductivity and contact resistance can be found using a
mathematical model developed by Flygare et al. [111].

Figure 3-2: Tangential and orthogonal measurement schematic.

3.2.5

Cell cycling and electrode harvesting
LCO cathodes were manufactured, cycled, and harvested by Hydro-Québec. Three

different stages of electrodes were produced: pristine, formed, and cycled electrodes. The formed
electrodes were harvested from a pouch cell that was cycled a few times. The cycled electrodes
were harvested from a pouch cell cycled 180 times under accelerated life testing to 80% capacity
at 1C rate, full-cell voltage range 3-4.4V (vs. graphite), and at 55 °C. The cathode composition
was 93 wt% LCO, 4 wt% carbon black (CB), and 3 wt% binder (dry basis).
LFP cathodes were cycled and harvested at BYU from 18650 cells provided by K2 Energy
(1350 mAh) (Figure 3-3). Cells were deep-cycled at 23-25 °C using a Maccor 4300, according to
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the following procedure: charge at 2C constant current to 3.8 V (vs. graphite) followed by a
constant voltage step to 0.05C; discharge at 1C constant current to a cut-off voltage of 2.5 V
followed by a constant voltage step to 0.05C. Cathodes were harvested from formed, 600-cycle
and 1650-cycle cells.
Commercially available 2000 mAh cells (NCM/graphite) were cycled at BYU. Cells were
deep-cycled 250, 600, and 850 times at 23-25 °C, and one cell was cycled 850 times at 50 °C.
Cycling procedure included: charge at 2C constant current to 4.2 V followed by a constant voltage
step to 0.05C; discharge at 2.5C constant current to a cut-off voltage of 2.5 V followed by a
constant voltage step to 0.05C.
According to the manufacturer’s product specification for (NCM/graphite) 18650 cells, the
temperature range for charging is 0 to 50 °C and for discharging is -20 to 80 °C and 90% capacity
recovery after 3 months storage at -30 to 45 °C.
Cathodes containing a blend of NCA, NCM, and LMO were harvested from cycled
prismatic automotive EV cells. A cell that was cycled at 3C rate inside an environmental chamber
maintained at 25 °C (average cell temperature over cycling = 31oC) retained 87% of original
capacity after 1200 cycles. This cycling was aggressive relative to the cell’s specification (max
voltage < 4.15 V, cycling at C/2).
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Figure 3-3: Photograph of the harvested battery electrodes from a K2 Energy 18650 cell.

Results and discussion

3.3.1

Lithium cobalt oxide (LCO) cathode
Figure 3-4-a, shows a slight expansion in the thickness of the LCO electrodes that causes

porosity (Figure 3-4-b) to increase for formed and cycled cathodes. Porosity values are calculated
based on the mass loading of the cathode, its thickness, and the crystalline densities of the
constituents [112].
We measured the tortuosity of the LCO cathodes using the blocking-electrolyte method, as
discussed in the experimental section. Figure 3-4-c and 3-4-d compare MacMullin number and
tortuosity values (with 95% confidence intervals) for pristine, formed, and cycled electrodes. There
is a clear trend of increasing tortuosity with cycling. There are 4% and 49% increases in tortuosity
of the formed and cycled cathodes, respectively. Based on porosity values alone, one would expect
tortuosity to decrease over time, in accordance with the well-accepted Bruggeman relation [56].
There is some indication that this might be happening during the formation process. However, the
observed increase in tortuosity and MacMullin number upon further cycling (Figure 3-4-c and 3-
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4-d) is opposite to this expectation, meaning that the ionic pathways become more restrictive as
the microstructure changes after formation and over time.

Figure 3-4: (a) Thickness, (b) porosity, (c) MacMullin number, (d) tortuosity, (e) Electronic conductivity,
and (f) contact resistance comparison for pristine, formed, and cycled LCO cathodes. Local electronic
conductivity map for (g) pristine, (h) formed, and (i) cycled LCO cathodes. 95% Confidence intervals are
also shown.
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In addition, we measured electronic conductivity (Figure 3-4-e) and contact resistance
(Figure 3-4-f) for pristine, formed, and cycled Hydro-Québec electrodes. The results show that
electronic conductivity decreased, and contact resistance increased with cycling.
Observed contact resistances are qualitatively consistent between ionic and electronic
measurements. As discussed by Pouraghajan et al., the high-frequency semi-circle for the
blocking-electrolyte technique is an indicator of contact resistance between the current collector
and electrode film [11]. Figure 3-5 shows an increase in the size of the semicircles in the highfrequency region of the Nyquist plots that shows contact resistance increased with cycling, similar
to the trend observed through electronic measurement in Figure 3-4-f. Table 3-1 lists the values
for “dry” contact resistance (Figure 3-4-f), 𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐 , and high-frequency “wet” resistance obtained

from the Nyquist plot, 𝑅𝑅ℎ𝑓𝑓 , for pristine, formed, and cycled electrodes. We previously observed
that wet electronic resistivity of composite electrodes is greater than dry, by a factor of 2 to 3 for

pristine electrodes [74]; however, the difference observed here between 𝑅𝑅ℎ𝑓𝑓 and 𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐 is greater

than this upon cycling. Therefore, we suspect that the high-frequency resistance represents
additional resistances besides the contact resistance between the electrode film and the current
collector.

Figure 3-5: Obtained Nyquist data of the blocking-electrolyte experiment for the pristine, formed, and
cycled LCO cathodes, showing an increase in the size of the high-frequency semi-circle over time.
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A possible explanation for an increase in electronic resistances as cycling proceeds is that
the electrode structure undergoes mechanical strain due to changes in molar volume as ions are
inserted and removed [113]. This mechanical strain can result in binder degradation and loss of
contact between active and carbon particles and binder. Mechanical strain can similarly cause
partial delamination between the electrode film and the current collector, which leads to an
increase in contact resistance. To investigate this theory, focused ion beam (FIB)/scanning electron
microscope (SEM) images were taken of pristine, formed, and cycled electrodes. These images
support the explanation of defect creation due to mechanical strain, including loss of contact
between the film and the current collector as well as between the particles themselves [2]. The
SEM images contain proprietary information therefore are not shown in this document.
Figure 3-6 compares macroscale photographs of delaminated pristine, formed, and cycled
electrodes. The delamination process was the same for each sample, as described in the
experimental section. When the electrode film remains on the current collector, the current
collector provides a large amount of mechanical support and the formed and cycled films look
essentially the same as a pristine electrode. However, when the film is removed from the current
collector, underlying mechanical changes become evident, as shown in Figure 3-6. Localized
degradation and damage such as ripples and rings on the cycled and formed electrodes are
evidences of significant mm-scale heterogeneities. Cracks in the films observed in Figure 3-6
likely happened during the delamination process, yet nevertheless indicate mechanical weakness
not present in the pristine film.
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Figure 3-6: Photographs of the delaminated pristine, formed, and cycled LCO cathodes (approximate size
2.5 cm x 2.5 cm) showing mechanical damage increase as the cell cycles.

The observed increase in tortuosity during cycling can be due to several effects, keeping in
mind that the cell was cycled at 55 °C and charged to a higher voltage (4.4 V) than the typical
charge voltage for LCO cells (4.2 V). Higher positive voltage and temperature increase the rate of
the solvent oxidation reaction and accelerate CEI film formation [93, 114-116]. There could also
be active material dissolution and cracking. PVDF binder shows lower stability at higher potential
and temperature, which causes more severe binder degradation [117-119]. This degradation may
be associated with the observed heterogeneity in Figure 3-6. Lastly, we must consider that carbon
particle or binder migration could lead to non-uniform distribution of particles that could make the
ionic path more tortuous. Although binder migration is known as a more significant issue during
the drying step of electrode manufacturing [42, 43], it may happen to a lower extent during battery
operation at higher temperatures [108]. Although this cell was cycled at 55 °C, it is possible that
the internal, local temperature is higher within the cell.
Any or all of the above mechanisms could block or partially obstruct pores and increase
tortuosity. The obtained results clearly show that both ionic and electronic transport degraded as
cycling proceeds. This degradation with cell cycling is in accordance with one of the common
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signs of battery aging, which is impedance growth, meaning an overall increase in internal
resistance.
Another way to analyze the results for these experiments is to compare the area-specific
impedances attributable to ionic and electronic pathways. On average during a cell charge or
discharge, an ion or electron moves through half of the electrode of thickness 𝑙𝑙. The area-specific

resistance for ions to move through half of the electrode is 𝑅𝑅ion = 0.5 𝑙𝑙 ⁄𝑘𝑘eff . The corresponding

resistance for electrons is 𝑅𝑅elec = 0.5 𝑙𝑙 ⁄𝜎𝜎 where 𝜎𝜎 is the electronic conductivity of the electrode.
These can be compared directly to the contact resistance reported in Figure 3-4-f, 𝑅𝑅con .
Table 3-4. Electronic, ionic, and contact resistances for LCO cathodes.

Resistance (Ω.cm2)

Pristine

Formed

Cycled

R 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

0.006 ± 0.001

0.012 ± 0.001

0.026 ± 0.003

3.52 ± 0.04

3.19 ± 0.02

4.14 ± 0.07

R 𝑐𝑐𝑐𝑐𝑐𝑐

0.045 ± 0.004

0.49 ± 0.04

1.75 ± 0.54

~0

15.0 ± 1.4

61.3 ± 0.8

R 𝑖𝑖𝑖𝑖𝑖𝑖
R hf

Table 3-1 summarizes all these resistances for LCO cathodes. Ionic resistance values are
estimated based on an electrolyte with an intrinsic conductivity (𝑘𝑘in ) of 10 mS/cm. When the
results of the cycled electrode are compared against those for formed or pristine, it is evident that

the relative change in bulk electronic resistance and contact resistance are much higher than the
relative change in ionic resistance. This result suggests that the deterioration in the electronic
pathway is more significant compared to the ionic one. However, for all three cases (pristine,
formed, and cycled), bulk ionic resistance is still much larger than the measured dry electronic
resistances and of bigger concern during high rate charge/discharge when ion depletion occurs due
to diffusion effects [120].
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Finally, we note that there is not a clear explanation of the largest resistance in Table 3-1
for cycled electrodes, namely 𝑅𝑅ℎ𝑓𝑓 . As previously mentioned, this resistance can be thought of as
a “wet” version of the surface resistance 𝑅𝑅con .The contact resistance is likely sensitive to the same

factors that control bulk electronic resistance, namely the amount of conductive additive and
microstructure. One effort to decouple these types of tradeoff is to use so-called gradient electrodes
in which porosity and carbon additive are varied with position relative to the current collector have
the biggest advantage in minimizing the contact resistance without unnecessarily increasing the
others [121].

3.3.2

Lithium iron phosphate (LFP) cathode
Figure 3-7-a shows a capacity decrease with cycling for the LFP cells. Figure 3-7-b and 3-

7-c, respectively, show ionic and electronic measurement results for LFP cathodes harvested from
these cells. In contrast to LCO cathodes, no significant degradation of electronic and ionic
conductivity was observed for these cathodes. Also, there was no significant change in the
electrode thickness due to cycling. Figure 3-8 shows photographs of the delaminated cathodes
from formed, 600-cycle, and 1650-cycle cells. There were not any observable signs of mechanical
damage on the delaminated electrodes; however, the free-standing films tend to curl which could
be an indication of the stress imbalances due to the strong cohesion of the coating. Qualitatively,
the tendency of the free-standing film to curl decreased from the formed to 1650- cycle cathodes,
which could be due to slight mechanical relaxation with cycling. Nevertheless, the results suggest
that these electrodes maintained good structural stability following manufacturing. Note, however,
there is a modest increase in the contact resistance of these electrodes as shown in Figure 3-7-d.
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Figure 3-7: (a) Cell capacity, (b) MacMullin number (c) electronic conductivity, and (d) contact resistance
of the LFP cathode as a function of aging, along with 95% confidence intervals.

Figure 3-8: Photographs of the formed, 600-cycle, and1650- cycle LFP cathodes, delaminated and laid on
a horizontal surface (approximate sizes 2.5 cm x 2.5 cm).
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3.3.3

Lithium nickel cobalt manganese oxide (NCM) cathode
Figure 3-9-a shows a capacity decrease with cycling for NCM cells. The cell cycled 850

times at 50 °C showed an additional 20% capacity loss compared to the cell cycled 850 times at
room temperature. As expected, cycling at a higher temperature led to a more significant capacity
loss.
Figure 3-9-b (solid fill) shows a slight increase in the thickness of the cathodes as the
number of cycles increases. The maximum expansion is 5% for the case of 850-cycle cathode at
50 °C. This expansion is expected as a result of degradation and strain during repetitive cycling.
Figure 3-9-c (solid fill) shows the MacMullin number of the NCM cathodes. For cells that
are cycled at room temperature, there is a constant trend of decreasing MacMullin number with
cycling. This trend is in accordance with the Bruggeman relation since cathodes were expanded
with cycling. However, comparing 850-cycle to formed cathodes, thickness increased 3.7% while
MacMullin number decreased 27%. This observation suggests that the improved ionic pathway is
not solely due to the increased porosity. Considering a correlation between tortuosity and porosity
(𝜏𝜏 = 1.8𝜀𝜀 −0.53 ) proposed in Thorat et al. [71] work as an approximation, it can be concluded that

half of the decrease in MacMullin number is caused by expansion, and the other half is due to other
mechanisms.
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Figure 3-9: (a) Cell capacity, (b) thickness, (c) MacMullin number, (d) electronic conductivity, and (e)
contact resistance of the cathodes (solid fill) and anodes (patterned fill) for formed and cycled NCM cells.
Error bars represent 95% confidence intervals.
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Cycling at an elevated temperature is commonly used as an accelerated life testing
procedure to predict or extrapolate cell behavior under long term cycling at normal temperature.
Our results show that for the case of 850 cycles, MacMullin number of the cycled cathode at room
temperature decreased 27% compared to the formed cathode, whereas cycling at the elevated
temperature led to only a 14% decrease. If we assume that elevated temperature testing is an
extrapolation of long term cycling, we would expect MacMullin number of 850-cycle at 50 °C to
follow the decreasing trend and decline more than 27% rather than only 14%. This unexpected
result suggests that different mechanisms are not accelerated to the same degree when aging a cell
at elevated temperature. Prior to further discussion of a possible mechanism, we first examine the
electronic conductivity variation at room and elevated temperature.
Figure 3-9-d shows the electronic conductivity results at various cycling stages at room or
elevated temperature. The results demonstrate that electronic conductivity decreased as the cycling
proceeded at room temperature. At elevated temperature, the electronic conductivity of the cathode
was lower than that at room temperature. This observation indicates that, as we expected,
temperature increased the rate of degradation and had an adverse impact on electronic conductivity.
The decreasing trend in electronic conductivity is likely due to general loss of structural integrity.
While this effect causes electronic pathway deterioration in the bulk electrode, there is an
associated loss in adhesion of the film to the current collector, increasing the contact resistance
(Figure 3-9-e). On the other hand, such structural changes in this case facilitated ion movement
via decreased MacMullin number of the electrode as cycling proceeded.
Surprisingly, MacMullin number has less variation at elevated temperature than that at
room temperature. Probably, besides the aforementioned degradation mechanism that improved
ion pathways, another mechanism with an adverse effect occurred specifically at the elevated
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temperature. One possible mechanism would be cathodic film formation or binder morphological
change, similar to what was proposed to explain changes in the LCO cathode. Therefore, it can be
concluded that cycling at higher temperatures may not be an accurate extrapolation of a cell cycled
at room temperature, even when both lead to the same capacity loss.

3.3.4

Graphite anode
Water-based graphite anodes were harvested from the same (NCM/graphite) 18650 cells

discussed in the previous section. Figure 3-9-b (patterned fill) shows an increase in the anode
thickness as the number of cycles increased, which is similar to the trend observed for NCM
cathodes. The maximum expansion was observed for the anode cycled 850 times at the elevated
temperature, and the expansion was 8%.
Figure 3-9-c (patterned fill) shows MacMullin number for the formed and cycled anodes
at room or elevated temperature. There is a continuous decreasing trend in MacMullin number as
the capacity of the cell decreases. Although SEI layer growth may deteriorate the ionic pathways
and reduce the conductivity, it does not seem to have a noticeable role in this matter, or at least is
overcome by other mechanisms that improve ionic conductivity and decrease MacMullin number.
Figure 3-9-c also shows that the graphite anode and cathode follow different trends for
MacMullin number under the accelerated cycling condition. While the anode MacMullin number
further decreased at the elevated temperature, MacMullin number of the cathode was higher at the
elevated temperature, as described earlier. This observation clearly indicates that the temperature
impact is different on the anode and cathode ionic conductivity.
Figure 3-9-d (patterned fill) shows electronic conductivity variations for formed and cycled
anodes. The results indicate that electronic conductivities of the anode reduced as the cycling
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proceeded. Interestingly, relative degradation in electronic conductivity is more significant in the
graphite anodes compare to the NCM cathode.
Besides the differences in the binder materials and the nature of surface films (SEI vs. CEI),
natural graphite also shows larger volume changes than cathode active materials during cycling
[122]. This may lead to severe mechanical degradation in anode material, which in turn decreases
the electronic conductivity of the anode more significantly.
The anode also had higher contact resistance degradation compared to the cathode, as
shown in Figure 3-9-e. During disassembly of the cells, we observed partial delamination of the
anode material, which became even worse over the course of cycling or with increasing the
temperature. This adhesion problem would suggest an increase in contact resistance.

3.3.5

Blended TMO cathode from a commercial prismatic cell
The TMO (blend of NCM, NCA, and LMO) cathodes of the formed cell and 1200-cycle

cell were compared. Furthermore, local tortuosity variations with cycling across the width of the
cathodes of the commercial prismatic cells were tested (Figure 3-10) to investigate possible local
variation due to manufacturing or cycling.

Figure 3-10: Schematic of the tested regions in the cathode.
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Figure 3-11-c shows the MacMullin numbers for the formed and cycled cathode at 7
regions along the width of the cathode. The figure shows the value of the MacMullin number was
mostly consistent across the width of the formed cathode; however, starting at region 3, the
MacMullin numbers of the cycled cathode deviated from those of the formed cathode. There is a
clear correlation between electrode thicknesses (Figure 3-11-b) and MacMullin numbers.
Considering that loading densities (Figure 3-11-a) are consistent between the formed and cycled
electrodes, we can conclude that the increase in the thickness is due to electrode swelling during
cycling. The non-uniform change in MacMullin numbers suggests that one edge of the electrode
underwent less significant aging compared to the rest. This non-uniform progression could be the
result of non-uniform current density, temperature, and/or mechanical stress within the cell during
cycling that leads to an uneven distribution of driving forces for aging [14].
Similar to the result obtained for NCM cathodes at room temperature, cycling of the
blended electrode led to degradation and electrode expansion that facilitates ion transport through
the electrode film. This phenomenon is accompanied by electronic pathway deterioration (Figure
3-11-d) and contact resistance increase (Figure 3-11-e) as expected.
Figure 3-12 shows delaminated cathodes from the formed and cycled cells. Compared to
what is observed in Figure 3-6 little mechanical deterioration is observed for formed and cycled
electrode after delamination.
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Figure 3-11: (a) loading density, (b) film thickness, (c) MacMullin number, (d) Electronic conductivity,
and (e) contact resistance of the cathode as a function of the location.
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Figure 3-12: Photographs of the delaminated formed, and cycled TMO cathodes (approximate size 2.5 cm
x 2.5 cm).

Conclusions
Cycle aging was performed on different electrode chemistries harvested from different cell
formats to investigate cycling effects on the ionic and electronic transport of the electrode. An
increase in the thickness was observed for the formed and cycled electrodes. This observation can
be related to general mechanical degradation and loss of adhesion among particles and between
particles and the current collector.
The apparent capacity decreased during cell cycling, which can be partially ascribed to an
internal impedance growth, one of the common signs of battery aging. We observed a significant
degradation of electronic pathways as cycling proceeded. Surprisingly, our results show a modest
improvement in ionic pathways for some electrodes. The speculated mechanism for these
observations is that as cycling proceeds, the electrode structure undergoes mechanical stress due
to changes in volume as ions are inserted and removed. This mechanism can cause particle
cracking and binder degradation and detachment leading to electrode swelling. During this process,
the solvent can get in between particles and cracks and form a new surface film. While this process
has a detrimental effect on the electronic conductivity due to loss of contact between particles, it
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could make electrodes less tortuous by opening pores and creating new pathways for ions to travel.
Therefore, it appears that the cell resistance growth, which can manifest as a capacity loss at finite
charge and discharge rates, is not generally due to an increase in tortuosity. Instead, the degradation
of electronic pathways may have a larger adverse effect than do the improvements in ionic
pathways, leading to an increase in the overall impedance. This could explain why, as a general
principle, the electronic conductivity of pristine electrodes is designed to be much greater than
corresponding ionic conductivity, as electronic pathways are subject to greater losses.
An inverse relationship or tradeoff between ionic and electronic conductivities might be
expected but is not always observed. Under accelerated cycling at high temperature and high
voltage, the LCO cathode showed deterioration in both ionic and electronic pathways. Aggressive
cycling conditions can promote side reactions and surface film formation; it can also cause
morphological changes to the electrode microstructure. These phenomena can explain the ionic
pathway deterioration.
The NCM cathode showed a different ionic conductivity trend under cycling at a higher
temperature compared to room temperature. These observations confirm that high-temperature
cycling promotes other mechanisms that can deteriorate ionic pathways. Therefore, cycling at
higher temperatures may not be an accurate extrapolation of a cell cycled at room temperature.
Cycling of the water-based graphite anode showed a decrease in electronic conductivity and
an increase in ionic conductivity. The contact resistance also increased. Although an SEI layer
may grow and deteriorate ionic pathways and reduce the corresponding conductivity, it does not
seem to be a significant factor here. Instead, mechanical degradation continues to improve ionic
conductivity during cycling. Anode cycling at the elevated temperature followed the trend at room
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temperature; hence there was no indication of a different mechanism involved at higher
temperature.
The LFP cathodes appear to maintain good stability of ionic and electronic conductivities
after long-term cycling at least at room temperature. This result suggests that the proper choice of
material and good cell design can help to mitigate many of the above-discussed structural changes.
This work shows that changes in ionic and electronic conductivities are strongly dependent
on cell chemistry and cycling conditions. Although the choices of cell chemistry and cycling
conditions depend on the application of the battery, alleviating degradation by revising cell design
is being pursued by many researchers. For example, using a proper electrolyte package could help
with surface film formation, or a proper binder system can help to provide a good electronic
connection between particles during repetitive cycling.

70

4

INTERPLAY OF ELECTRODE HETEROGENEITY AND LITHIUM PLATING

Introduction
Battery degradation remains a challenge toward further improvement of Li-ion batteries,
especially for electric vehicle applications that require long cycle life, high-rate charging, and
tolerance for a wide range of operating temperatures. Among the different modes of cell aging,
solid electrolyte interphase (SEI) growth and lithium plating on the anode are considered two of
the main contributors to capacity fade due to loss of active lithium [9, 80, 90, 123].
Organic electrolytes that are commonly used in Li-ion batteries are thermodynamically
unstable at the wide operating potential of the batteries. Hence, during the first few cycles, the
electrolyte undergoes a reduction reaction at the interface of the negative electrode. As a result, a
passivating layer composed of organic and inorganic decomposition products forms at the
electrode/electrolyte interface which is commonly called SEI. This layer should ideally be an
insulator for electrons while allowing lithium ions to pass through it. As this layer grows, it
becomes self-inhibiting and that makes long-term operation of the battery possible [95, 124-127].
Formation and progressive growth of the SEI layer, which is one of the main sources of
capacity fade, depends on the nature of graphite, electrolyte, additives, and operating conditions.
Lower anode potentials and high temperatures can lead to faster growth of the SEI layer [128]. An
irreversible capacity loss due to SEI formation could be on the order of 10% during the formation
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cycles [127]. Furthermore, when the current is flowing there will be a voltage drop across the SEI.
This transport resistance will increase with SEI thickness.
Lithium plating is another phenomenon that contributes to capacity fade. Lithium plating
can occur at the surface of the anode at potentials below 0 V vs. Li/Li+. Such anode polarization
to potentials below 0 V can be caused by a combination of Ohmic potential drop, charge transfer
overpotential, and diffusion overpotential.
The lithium plating reaction can take place in parallel to intercalation on the negative
electrode during cell charging. Some portion of the plated lithium is reversible and can be stripped
in a subsequent rest period or discharge when the relaxation or reversal of overpotentials causes
Li+ to be thermodynamically favorable [129]. Such reversible lithium is not harmful to cell
capacity. However, a portion of the lithium deposit will react with electrolyte and form a new SEI
layer, or upon partial dissolution can become electronically isolated, in either case contributing to
a loss of active lithium and thus cell capacity.
Significant lithium plating can pose serious safety problems. If lithium deposition grows
dendritically, it may pierce the separator and cause an internal short [130]. Moreover, the presence
of lithium metal can increase the risk of exothermic reaction with electrolyte [9]. Therefore it is
crucial to mitigate this issue. In this work, we provide a better understanding of the underlying
causes of Li plating through simulation and experiment.
Charging at low temperature or high-rate, or attempting to exceed charging capacity can
exacerbate the rate of lithium plating. However, lithium plating is not limited to these conditions;
other factors such as the nature of the electrolyte, anode/cathode capacity ratio, and manufacturing
defects also have an impact on the lithium plating process [95, 131-134].
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Another factor that can play a significant role in battery degradation is microscale
inhomogeneities [4]. For commercial Li-ion-battery electrodes, active materials, carbon particles,
binders, and pores are not uniformly distributed throughout the volume of the film. Non-uniform
distribution of particles in addition to particle size and shape distribution leads to an
inhomogeneous microstructure on multiple length scales, including the lateral mm length scale
considered here. This can cause conductivity and local current density variations, leading to faster
degradation, and prevent optimal utilization of the electrodes [5-7].
Although battery models can successfully predict routine battery performance, predicting
failure and degradation during high-rate charge and discharge is still a challenge. Most battery
models assume that electrodes are macro-homogeneous and isotropic; however, even well-made
commercial electrodes are not necessarily homogeneous or isotropic. For example, Kerwald et al.
[64] reported a factor of three in local tortuosity variability, which means the local charging and
discharging rate can deviate substantially from the mean. Other work has likewise quantified Liion battery electrode anisotropy and inhomogeneity based on a combination of x-ray imaging and
image-based simulations [4, 135].
Electrode microstructural heterogeneity, especially tortuosity variation, can specifically lead
to metallic lithium plating. The variation in local current density leads to a non-uniform state of
charge (SOC), which means parts of the electrodes get locally overcharged contributing to lithium
deposition [136].
Despite the significant contribution of microstructural heterogeneity to battery degradation,
it has not been accounted for in battery macro-homogeneous models that are widely used for
predicting battery failure and degradation [137-141]. Including such microstructural details in the
model can make it numerically very expensive to run, especially as a full 3D model. For instance,
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if the heterogeneity exists on an mm length scale, then a 3D simulation of a volume large enough
to accommodate this heterogeneity would be extremely computationally demanding. Therefore, it
is advantageous to develop an approach to include electrode heterogeneity without implementing
a full 3D model.
Prior work in our group used a computationally effective tool that was a combination of a
Newman-type model and an equivalent-circuit sub-model to study the effect of electrode
heterogeneity on cell performance [142]. In this model, three regions with different microstructural
properties across the electrodes were operating in parallel and only communicating electronically
through current collectors. This parallel-heterogeneity approach is reasonable as long as
heterogeneities in the lateral direction (across the surface of the electrode film) take place on larger
distance scales than the thickness of the film, which appears to be the case based on the
experimental determination of heterogeneity [2].
Different types of electrode heterogeneities, in terms of non-uniform ionic resistance and
active material loading, were studied at different rates of discharge and charge. The result showed
heterogeneity, especially at high-rate charging, can lead to non-uniform temperature, current
density, positive and negative electrode states of charge. Such non-uniformities are known to
adversely affect cell lifetime [4]. Applying this principle locally means there could be a premature
failure in some regions of the cell.
To further demonstrate the impact of electrode heterogeneity on cell degradation, in the
present work we extend the prior model to account for SEI formation and lithium plating side
reactions. Another modification to the previous model is considering thermal equilibration through
the current collector. For the modified model, the parameters were measured or estimated for an
NMC/graphite cell and validated with experiments on a commercial 18650 cell and associated coin
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cell and pouch cell cycling data. Electrodes were harvested from the 18650 cell and reassembled
in pouch and coin cells.
In order to mitigate Li plating in a cell, it is necessary to understand the root causes of this
degradation mode. The purpose of this work is to demonstrate the degree that local lithium plating
observed on the surface of a cycled cell is related to the local structural heterogeneity in the
electrode. In this work, we designed a simulation to better understand the relationship between
electrode heterogeneity and Li plating. We investigated whether anode heterogeneity or cathode
heterogeneity has an effect on Li plating in a cell; also whether there is any feedback mechanism
or interplay between electrode heterogeneity and Li plating with cell cycling.
In the remainder of this chapter, two sections discuss different parts of the electrochemical
P2D-based model. This is followed by an experimental section for the different electrochemical
cells that were cycled with high C-rate charging to intentionally form lithium deposits. Finally,
there is a discussion section that includes the model parameterization and validation followed by
an explanation of the observed effects of electrode heterogeneity on localized Li plating.

Model description
In this work, we again use a parallel-region model to model heterogeneity [142]. Each of the
three P2D electrochemical models has the same physical equations but in some instances different
parameters to represent local variations. The base P2D model is based on the model developed by
Doyle and Newman, which uses porous electrode and concentrated solution theories [52, 143]. To
incorporate the Li plating reaction, we use the model proposed by Arora [144] and for the SEI
reaction, a model proposed by Yang et al. [138] that is based on the diffusion-limited SEI model
by Safari et al. [145].
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Present Li deposition models can be categorized into two groups. The first group [140, 141,
146] considers Li deposition as a reversible reaction including plating and stripping reactions in
which the amount of reversibility can be tuned by the addition of a correction term to the ButlerVolmer equation. The second group [137, 138, 147, 148] neglects the stripping part of the reaction
and considers only irreversible Li plating. For an irreversible plating reaction, one of two
approximations is used: either a cathodic Tafel expression or a standard Butler-Volmer reaction,
which is made asymmetric by truncating the stripping current to zero when the overpotential is
positive. In this work, we adapt the latter form of irreversible Li plating. For simplicity, we assume
that any reversible part of the Li plating reaction can be lumped into the negative electrode
intercalation reaction, although there is a slight difference in their respective reaction potentials.
Essentially, the reversible plating/stripping of lithium in a cell is for our purposes indistinguishable
from regular graphite lithium intercalation. It is not well-known what fraction of the Li is reversible,
and indeed it would depend on a range of variables---in a sense we circumvent the issue by
assuming that the reversible Li does not need to be separately dealt with and only taking into
account the irreversible part.
The model parameters used for this work are based on our measurements, fitted to the
experimental data for a commercial 18650 NMC/graphite cell, or assumed. Some parameters are
obtained or estimated from the literature as referenced. The model parameters are summarized in
Table 4-1.
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Table 4-1: General model parameters and intercalation reaction parameters.
Symbol

Description

Thickness
Particle radius
Porosity
Filter fraction
Density
Specific heat
Thermal conductivity
λ𝑖𝑖
Electronic conductivity
𝜎𝜎𝑖𝑖
𝑠𝑠
𝐷𝐷𝑖𝑖
Solid phase diffusivity
Maximum solid-phase
𝑐𝑐𝑠𝑠max
concentration
Initial solid-phase
𝑐𝑐𝑠𝑠init
concentration
Initial electrolyte-phase
𝑐𝑐𝑒𝑒init
concentration
Exchange current density
int
𝑖𝑖0,ref
for intercalation reaction
Activation energy of
𝐸𝐸𝑎𝑎int
intercalation reaction
Solid-phase diffusion
𝐷𝐷𝑠𝑠
𝐸𝐸𝑎𝑎
activation energy
Transfer coefficient for
𝛼𝛼int
intercalation
Faraday’s constant
𝐹𝐹
Universal gas constant
𝑅𝑅
Cation transference
𝑡𝑡 +
𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟
Reference temperature
Ambient temperature
𝑇𝑇∞
Heat transfer coefficient
ℎ
(a)
Fitted parameters
𝐿𝐿𝑖𝑖
𝑅𝑅𝑝𝑝,𝑖𝑖
𝜀𝜀𝑖𝑖
𝜀𝜀𝑓𝑓,𝑖𝑖
𝜌𝜌𝑖𝑖
𝐶𝐶𝑝𝑝,𝑖𝑖

µm
µm
kg m-3
J kg-1 K-1
W m-1 K-1
S m-1
m2 s-1

Negative
electrode
48
10.5
0.36
0.04
2500
700
1.7
16.2
9×10-14 (a)

1100
700
0.16
-

Positive
electrode
36
4.6
0.29
0.04
2500
700
2.1
46
3×10-13 (a)

mol m-3

31370 [146]

-

51385 [146]

mol m-3

1568

-

49330

mol m-3

1000

1000

1000

A m-2

1.9×10-6 (a)

-

2×10-11 (a)

J mol-1

4.5×104 [147]

-

3.5×104 [147]

J mol-1

4×104 [147]

-

3×104 [147]

-

0.5

-

0.5

Unit

C mol-1
J mol-1 K-1
K
K
W m-2 K

Separator
25
0.45 [146]

96485
8.314
0.38 [146]
298.15
298.15
5

Table 4-2 lists the parameters for the Li plating reaction and SEI formation.
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Table 4-2: The parameters used for the Li plating and SEI reaction.
Symbol
𝑈𝑈𝐿𝐿𝐿𝐿
Li
𝑖𝑖0,ref
Li
𝑖𝑖0,ref

Exchange current density of Li plating(18560 cell)

𝑀𝑀Li

Molecular mass of lithium

𝐸𝐸𝑎𝑎Li
𝛼𝛼𝐿𝐿𝐿𝐿

Activation energy of Li plating reaction

𝑈𝑈𝑆𝑆𝑆𝑆𝑆𝑆

Equilibrium potential of SEI formation
Rate constant of SEI formation

𝜌𝜌Li

𝑆𝑆𝑆𝑆𝑆𝑆
𝑘𝑘0,ref

Transfer coefficient of Li plating
Density of lithium

𝐸𝐸𝑎𝑎𝑆𝑆𝑆𝑆𝑆𝑆
𝛼𝛼𝑆𝑆𝑆𝑆𝑆𝑆

Activation energy of SEI formation

𝜌𝜌𝑆𝑆𝑆𝑆𝑆𝑆

Density of SEI film

Transfer coefficient of SEI formation

𝜎𝜎𝑆𝑆𝑆𝑆𝑆𝑆

Electronic conductivity of SEI film

0
𝐶𝐶𝐸𝐸𝐸𝐸
𝐷𝐷𝐸𝐸𝐸𝐸

Bulk concentration of EC

𝑀𝑀𝑆𝑆𝑆𝑆𝑆𝑆
(a)

Description
Equilibrium potential of Li plating
Exchange current density of Li plating (coin cell)

Molecular mass of SEI

EC diffusivity

Unit
V
A m-2

Value
0
6.75×10-1 (a)

A m-2

1.54×10-4 (a)

J mol-1

6.8×104 [137]

-

0.3, 0.7 [147]

kg mol-1

6.94×10-3 [138]

kg m-3

534 [138]

V
m s-1

0.4 [138]
1×10-15 (a)

J mol-1

3×104 [137]

S m-1

0.5 [138]
5×10-6 [138]

kg mol-1

0.162 [138]

kg m-3

1690 [138]

mol m-3

4541 [138]

m2 s-1

2×10-18 [138]

Fitted parameters

Table 4-3 lists structural parameters (tortuosity, porosity) of three regions with low, middle,
and high ionic resistances. In this table, 𝑁𝑁𝑀𝑀 stands for MacMullin Number, and 𝜀𝜀𝑓𝑓 is the volume
fraction of the filler (carbon additives and binder). The medium region parameters are the same as

the base model where 𝜏𝜏, 𝜀𝜀 and 𝑁𝑁𝑀𝑀 are obtained through direct measurements. The tortuosity values

for the low and high regions were chosen to be ±1 from the medium region tortuosity. The rest of

the parameters of the other regions were changed in a way to make the percentage of the active
material remain constant in all three regions.
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Table 4-3: The parameters for three regions with different ionic resistances.

Negative electrode

Positive electrode

4.2.1

Parameter
𝜀𝜀𝑁𝑁
𝜀𝜀𝑓𝑓
𝜏𝜏𝑁𝑁
𝑁𝑁𝑀𝑀
𝜀𝜀𝑃𝑃
𝜀𝜀𝑓𝑓
𝜏𝜏𝑃𝑃
𝑁𝑁𝑀𝑀

Low region
0.38
0.02
2.5
6.58
0.31
0.02
3.7
11.93

Medium region
0.36
0.04
3.5
9.72
0.29
0.04
4.7
16.20

High region
0.34
0.06
4.5
13.23
0.27
0.06
5.7
21.11

Governing equations and boundary conditions
The parallel P2D models follow a fairly traditional set of equations, that are included here

for completeness and also to define the SEI formation and Li-plating portions.

Material balance equations
Li-ion diffusion inside the solid active particles is described by Fick’s second law in
spherical coordinates:
𝜕𝜕𝑐𝑐𝑠𝑠,𝑖𝑖
1 𝜕𝜕
𝜕𝜕𝑐𝑐𝑠𝑠,𝑖𝑖
𝑠𝑠
= 2 �𝐷𝐷eff,𝑖𝑖
𝑟𝑟 2
�
𝜕𝜕𝜕𝜕
𝑟𝑟 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

(4-1)

where 𝑐𝑐𝑠𝑠,𝑖𝑖 is the solid phase concentration of Li in the respective positive (𝑃𝑃) and negative (𝑁𝑁)

𝑠𝑠
is the effective solid-phase diffusion coefficient, which is a
active particle (𝑖𝑖 = 𝑁𝑁 or 𝑃𝑃) and 𝐷𝐷eff,𝑖𝑖

function of temperature and solid-phase concentration. Li+ flux is zero at the center of the particle
and the flux at the surface of the particle (𝑟𝑟 = 𝑅𝑅) is defined based on the current density of the
electrochemical reaction

−𝐷𝐷𝑠𝑠,𝑖𝑖

𝜕𝜕𝑐𝑐𝑠𝑠,𝑖𝑖
�
=0
𝜕𝜕𝜕𝜕 𝑟𝑟=0
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(4-2)

−𝐷𝐷𝑠𝑠,𝑖𝑖

𝜕𝜕𝑐𝑐𝑠𝑠,𝑖𝑖
�
= 𝑗𝑗𝑖𝑖
𝜕𝜕𝜕𝜕 𝑟𝑟=𝑅𝑅

(4-3)

Li+ transport in the electrolyte phase is considered 1D only in the x-direction (normal to

the current collector). The electrolyte-phase material balance is described by
𝜀𝜀𝑖𝑖

𝜕𝜕𝑐𝑐𝑒𝑒,𝑖𝑖
𝜕𝜕
𝜕𝜕𝑐𝑐𝑒𝑒,𝑖𝑖
=
�𝐷𝐷eff,𝑖𝑖
� + 𝑗𝑗𝑖𝑖 𝑎𝑎𝑖𝑖 (1 − 𝑡𝑡 + )
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

(4-4)

where 𝑐𝑐𝑒𝑒,𝑖𝑖 is the electrolyte concentration distribution in the positive or negative active particle or

separator (𝑖𝑖 = 𝑃𝑃, 𝑁𝑁 or 𝑆𝑆) and 𝐷𝐷eff,𝑖𝑖 is the effective electrolyte-phase diffusion coefficient, which is
a function of temperature and electrolyte concentration. 𝑗𝑗𝑖𝑖 is the pore-wall flux defined in Equation

4-24 for the negative electrode and Equation 4-25 for the positive electrode. In the separator, there
is no electrochemical reaction and therefore 𝑗𝑗𝑆𝑆 is zero. 𝜀𝜀𝑖𝑖 is electrolyte volume fraction and 𝑎𝑎𝑖𝑖 is

the specific interfacial area of the particles per unit volume of the electrode, defined as

𝑎𝑎𝑖𝑖 =

3�1 − 𝜀𝜀𝑖𝑖 − 𝜀𝜀𝑓𝑓,𝑖𝑖 �
𝑅𝑅𝑝𝑝,𝑖𝑖

(4-5)

where 𝑅𝑅𝑝𝑝,𝑖𝑖 is the radius of active particles, and 𝜀𝜀𝑓𝑓,𝑖𝑖 is the volume fraction of filler (carbon and

binder). Spherical active particles with uniform size are assumed as given by the factor of 3 above.

The flux of Li+ in the electrolyte phase is set to zero at both external boundaries (current collectors).
−𝐷𝐷eff,𝑁𝑁
−𝐷𝐷eff,𝑃𝑃

𝜕𝜕𝑐𝑐𝑒𝑒,𝑁𝑁
�
=0
𝜕𝜕𝜕𝜕 𝑥𝑥=0

𝜕𝜕𝑐𝑐𝑒𝑒,𝑃𝑃
�
=0
𝜕𝜕𝜕𝜕 𝑥𝑥=𝐿𝐿𝑁𝑁+𝐿𝐿𝑆𝑆+𝐿𝐿𝑃𝑃

Continuous flux is considered for Li+ at internal boundaries (i.e. 𝑥𝑥 = 𝐿𝐿𝑁𝑁 , 𝐿𝐿𝑁𝑁 + 𝐿𝐿𝑆𝑆 ).
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(4-6)
(4-7)

Charge balance equations
Charge balance in the solid phase is expressed as
𝜎𝜎eff,𝑖𝑖

𝜕𝜕 2 𝜑𝜑𝑠𝑠,𝑖𝑖
= 𝑗𝑗𝑖𝑖 𝑎𝑎𝑖𝑖 𝐹𝐹
𝜕𝜕𝜕𝜕 2

(4-8)

where 𝜎𝜎eff,𝑖𝑖 is the effective electronic conductivity in the solid phase, 𝜑𝜑𝑠𝑠,𝑖𝑖 is solid-phase potential,

and 𝐹𝐹 is Faraday’s constant. At the two current collectors charge flux is taken to be equal to the

applied current density 𝐼𝐼app , while there is no flux at the two internal boundaries with the separator:
𝜎𝜎eff,𝑖𝑖

𝜕𝜕𝜑𝜑𝑠𝑠,𝑖𝑖
�
𝜕𝜕𝜕𝜕 𝑥𝑥=0,

𝜎𝜎eff,𝑖𝑖

𝐿𝐿𝑁𝑁 +𝐿𝐿𝑆𝑆 +𝐿𝐿𝑃𝑃

𝜕𝜕𝜑𝜑𝑠𝑠,𝑖𝑖
�
𝜕𝜕𝜕𝜕 𝑥𝑥=𝐿𝐿𝑁𝑁,

= −𝐼𝐼app

(4-9)

=0

(4-10)

− 𝜑𝜑𝑠𝑠,𝑁𝑁 �𝑥𝑥=0

(4-11)

𝐿𝐿𝑁𝑁 +𝐿𝐿𝑆𝑆

The cell voltage is set between the two current collectors:
𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝜑𝜑𝑠𝑠,𝑃𝑃 �𝑥𝑥=𝐿𝐿

𝑁𝑁 +𝐿𝐿𝑆𝑆 +𝐿𝐿𝑃𝑃

The electrolyte phase potential distribution is given by
−

𝜕𝜕
𝜕𝜕𝜑𝜑𝑒𝑒,𝑖𝑖
2𝑅𝑅𝑅𝑅
𝜕𝜕ln𝑓𝑓±𝑖𝑖 𝜕𝜕
𝜕𝜕ln𝑐𝑐𝑒𝑒,𝑖𝑖
(1 − 𝑡𝑡 + ) �1 +
�
�𝑘𝑘eff,𝑖𝑖
�+
�𝑘𝑘eff,𝑖𝑖
� = 𝑗𝑗𝑎𝑎𝑖𝑖 𝐹𝐹
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
𝐹𝐹
𝜕𝜕ln𝑐𝑐𝑒𝑒,𝑖𝑖 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

(4-12)

where 𝑘𝑘eff,𝑖𝑖 is the effective ionic conductivity in the electrolyte phase, 𝜑𝜑𝑒𝑒,𝑖𝑖 is electrolyte-phase

potential, 𝑅𝑅 is the gas constant. The electrolyte phase current is set to be zero at the current

collectors:

−𝑘𝑘eff,𝑖𝑖

𝜕𝜕𝜑𝜑𝑒𝑒,𝑖𝑖
�
𝜕𝜕𝜕𝜕 𝑥𝑥=0,

𝐿𝐿𝑁𝑁 +𝐿𝐿𝑆𝑆 +𝐿𝐿𝑃𝑃
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=0

(4-13)

Energy balance equation
Energy conservation used in our model determines the temperature and follows the thermal
model described by Gu et al. [149, 150]
𝜌𝜌𝑖𝑖 𝐶𝐶𝑝𝑝,𝑖𝑖

𝜕𝜕𝜕𝜕
𝜕𝜕 2 𝑇𝑇
= λ𝑖𝑖 2 + 𝑄𝑄rxn,𝑖𝑖 + 𝑄𝑄ohm,𝑖𝑖 + 𝑄𝑄rev,𝑖𝑖
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

(4-14)

where 𝑇𝑇 is the temperature and 𝜌𝜌, 𝐶𝐶𝑝𝑝 , and λ are the volume-averaged density, specific heat, and

thermal conductivity, respectively. The total reaction heat generation rate 𝑄𝑄rxn,𝑖𝑖 is defined as
𝑄𝑄rxn,𝑖𝑖 = 𝑗𝑗𝑖𝑖 𝑎𝑎𝑖𝑖 𝐹𝐹 η𝑖𝑖

(4-15)

The total ohmic heat generation rate 𝑄𝑄ohm,𝑖𝑖 is defined as
𝑄𝑄ohm,𝑖𝑖

𝜕𝜕𝜑𝜑𝑠𝑠,𝑖𝑖 2
𝜕𝜕𝜑𝜑𝑒𝑒,𝑖𝑖 2
= 𝜎𝜎eff,𝑖𝑖 �
� + 𝑘𝑘eff,𝑖𝑖 �
�
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

2𝑅𝑅𝑇𝑇𝑖𝑖
𝜕𝜕ln𝑓𝑓± 𝜕𝜕ln𝑐𝑐𝑒𝑒,𝑖𝑖 𝜕𝜕𝜑𝜑𝑒𝑒,𝑖𝑖
(1 − 𝑡𝑡 + ) �1 +
+ 𝑘𝑘eff,𝑖𝑖
�
𝐹𝐹
𝜕𝜕ln𝑐𝑐𝑒𝑒
𝜕𝜕𝜕𝜕 𝜕𝜕𝜕𝜕

(4-16)

The total reversible heat generation rate 𝑄𝑄rev,𝑖𝑖 is defined as
𝑄𝑄rev,𝑖𝑖 = 𝑗𝑗𝑖𝑖 𝑎𝑎𝑖𝑖 𝐹𝐹𝑇𝑇𝑖𝑖

𝜕𝜕𝑈𝑈𝑖𝑖
�
𝜕𝜕𝜕𝜕 𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟

(4-17)

Actually, it is not experimentally possible to separate the reversible heat generation for the two
electrodes, but it is immaterial in this case because the whole cell sandwich is effectively at the
same temperature. Note that 𝑄𝑄rev,𝑖𝑖 and 𝑄𝑄rxn,𝑖𝑖 are zero for the separator. For simplicity the

boundary conditions at the current collectors are given by Newton’s law of cooling:
−λ𝑁𝑁

𝜕𝜕𝑇𝑇𝑁𝑁
�
= ℎ(𝑇𝑇∞ − 𝑇𝑇𝑁𝑁 )
𝜕𝜕𝜕𝜕 𝑥𝑥= 0
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(4-18)

−λ𝑃𝑃

𝜕𝜕𝑇𝑇𝑃𝑃
�
= ℎ(𝑇𝑇𝑃𝑃 − 𝑇𝑇∞ )
𝜕𝜕𝜕𝜕 𝑥𝑥= 𝐿𝐿𝑁𝑁+𝐿𝐿𝑆𝑆+𝐿𝐿𝑃𝑃

(4-19)

where 𝑇𝑇∞ is the ambient temperature and ℎ is the heat transfer coefficient, which is meant to

approximately capture all the mechanisms of heat exchange between the cell and the environment.
Heat flux and temperature are continuous on the internal boundaries.

Electrochemical kinetic equations
The electrochemical reaction rate at the surface of the particle is governed by the ButlerVolmer equation:

𝑗𝑗int,𝑖𝑖 =

𝛼𝛼𝑎𝑎,int 𝐹𝐹 ηint,𝑖𝑖
𝛼𝛼𝑐𝑐,int 𝐹𝐹 ηint,𝑖𝑖
𝑖𝑖0,int,𝑖𝑖
� − exp �−
��
�exp �
𝐹𝐹
𝑅𝑅𝑅𝑅
𝑅𝑅𝑅𝑅

(4-20)

where 𝛼𝛼𝑎𝑎,int and 𝛼𝛼𝑐𝑐,int are transfer coefficients for the intercalation reaction. The exchange current

density, 𝑖𝑖0,int,𝑖𝑖 , has both temperature and concentration dependency as given by
𝑖𝑖0,int,𝑖𝑖 =

max
𝑐𝑐𝑠𝑠,𝑖𝑖
int
𝑖𝑖0,ref �

𝛼𝛼

𝛼𝛼

surf
surf
− 𝑐𝑐𝑠𝑠,𝑖𝑖
𝑐𝑐𝑠𝑠,𝑖𝑖
𝑐𝑐𝑒𝑒,𝑖𝑖 𝛼𝛼
𝐸𝐸𝑎𝑎int 1
1
� �
� � � exp �
− ��
�
𝑐𝑐ref
𝑐𝑐ref
𝑐𝑐ref
𝑅𝑅 𝑇𝑇ref 𝑇𝑇

(4-21)

int
where 𝑖𝑖0,ref
is the exchange current density of the intercalation reaction at the reference

concentration of 𝑐𝑐ref , 𝑐𝑐𝑠𝑠max is the maximum solid-phase concentration, 𝑐𝑐𝑠𝑠surf is the solid-phase
concentration at the particle surface, and 𝐸𝐸𝑎𝑎int is the activation energy of the intercalation reaction.
Surface overpotentials for negative and positive electrodes are given by:

ηint,𝑁𝑁 = 𝜑𝜑𝑠𝑠,𝑁𝑁 − 𝜑𝜑𝑒𝑒,𝑁𝑁 − 𝐹𝐹𝑗𝑗𝑁𝑁 𝑅𝑅film − 𝑈𝑈int,𝑁𝑁
ηint,𝑃𝑃 = 𝜑𝜑𝑠𝑠,𝑃𝑃 − 𝜑𝜑𝑒𝑒,𝑃𝑃 − 𝑈𝑈int,𝑃𝑃
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(4-22)
(4-23)

where 𝑈𝑈int is the equilibrium potential for the intercalation reaction vs. Li+ /Li. The total local

current density for the negative electrode is the sum of the current density of three reactions:
intercalation reaction, SEI reaction, and lithium plating [138].
𝑗𝑗𝑁𝑁 = 𝑗𝑗int,𝑁𝑁 + 𝑗𝑗𝑆𝑆𝑆𝑆𝑆𝑆 + 𝑗𝑗Li

(4-24)

𝑗𝑗𝑃𝑃 = 𝑗𝑗int,𝑃𝑃

(4-25)

2C2 H4 CO3 + 2e− + 2Li+ → (CH2 OCO2 Li)2 + C2 H4

(4-26)

Note that for the positive electrode there is only an intercalation reaction

The SEI layer is formed due to the reduction of the electrolyte (ethylene carbonate, EC) according
to the following reaction [138]

The rate of SEI formation is considered to be a function of electrolyte diffusion rate and surface
kinetics according to Safari et al. [145] and Yang et al. [138]. The local current density of SEI
formation reaction is expressed as a cathodic Tafel expression:
𝑠𝑠
𝑗𝑗𝑆𝑆𝑆𝑆𝑆𝑆 = −𝑘𝑘0,𝑆𝑆𝑆𝑆𝑆𝑆 𝐶𝐶𝐸𝐸𝐸𝐸
exp �−

𝛼𝛼𝑐𝑐,𝑆𝑆𝑆𝑆𝑆𝑆 𝐹𝐹 η𝑆𝑆𝑆𝑆𝑆𝑆
�
𝑅𝑅𝑅𝑅

(4-27)

where 𝛼𝛼𝑐𝑐,𝑆𝑆𝑆𝑆𝑆𝑆 is the transfer coefficient for the SEI reaction, and the surface overpotential of SEI

reaction is defined as

η𝑆𝑆𝑆𝑆𝑆𝑆 = 𝜑𝜑𝑠𝑠,𝑁𝑁 − 𝜑𝜑𝑒𝑒,𝑁𝑁 − 𝐹𝐹𝑗𝑗𝑁𝑁 𝑅𝑅film − 𝑈𝑈𝑆𝑆𝑆𝑆𝑆𝑆

(4-28)

The concentration of EC on the surface of graphite is calculated based on the mass conservation
of EC
𝑠𝑠
0
𝐶𝐶𝐸𝐸𝐸𝐸
− 𝐶𝐶𝐸𝐸𝐸𝐸
−𝐷𝐷𝐸𝐸𝐸𝐸
= −𝑗𝑗𝑆𝑆𝑆𝑆𝑆𝑆
𝛿𝛿Film
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(4-29)

Temperature dependency of the SEI reaction rate constant is considered as an Arrhenius behavior
[137]
𝑆𝑆𝑆𝑆𝑆𝑆
𝑘𝑘0,𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑘𝑘0,ref
exp �

𝐸𝐸𝑎𝑎𝑆𝑆𝑆𝑆𝑆𝑆 1
1
− ��
�
𝑅𝑅 𝑇𝑇ref 𝑇𝑇

(4-30)

where 𝐸𝐸𝑎𝑎𝑆𝑆𝑆𝑆𝑆𝑆 is the activation energy for the SEI reaction. The rate of lithium deposition reaction is

given by a truncated (irreversible) Butler-Volmer equation as proposed in the literature [144, 147,
148].
𝛼𝛼𝑎𝑎,Li 𝐹𝐹 ηLi
𝛼𝛼𝑐𝑐,Li 𝐹𝐹 ηLi
𝑖𝑖0,Li
� − exp �−
��,
�exp �
𝑅𝑅𝑅𝑅
𝑅𝑅𝑅𝑅
𝑗𝑗Li = � 𝐹𝐹
0, ηLi ≥ 0

ηLi < 0

ηLi = 𝜑𝜑𝑠𝑠,𝑁𝑁 − 𝜑𝜑𝑒𝑒,𝑁𝑁 − 𝐹𝐹𝑗𝑗𝑁𝑁 𝑅𝑅film

Li
𝑖𝑖0,Li = 𝑖𝑖0,ref
�

𝑐𝑐𝑒𝑒,𝑁𝑁 𝛼𝛼𝑎𝑎,Li
𝐸𝐸𝑎𝑎Li 1
1
exp �
�
− ��
�
𝑐𝑐ref
𝑅𝑅 𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟 𝑇𝑇

(4-31)

(4-32)
(4-33)

Although some fraction of the deposited Li is reversible, the reversible part does not contribute to
the capacity loss and would not necessarily persist from one cycle to another. Therefore, for
simplicity in this work, we assume any reversible Li plating reaction is included in the graphite
intercalation reaction and its associated Butler-Volmer equation.
The presence of SEI and lithium metal are each tracked by a material balance [137]:
𝜕𝜕𝑐𝑐𝑆𝑆𝑆𝑆𝑆𝑆
𝑗𝑗𝑆𝑆𝑆𝑆𝑆𝑆
= −𝑎𝑎
𝜕𝜕𝜕𝜕
2
𝜕𝜕𝑐𝑐Li
= −𝑎𝑎𝑗𝑗Li
𝜕𝜕𝜕𝜕

(4-34)
(4-35)

where, 𝑐𝑐𝑆𝑆𝑆𝑆𝑆𝑆 and 𝑐𝑐Li are respectively the molar concentration of SEI and Li metal per unit volume

of the electrode. SEI and Li metal create a surface film at the interphase of graphite particle, which
can be accounted in terms of thickness:
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𝛿𝛿Film =

1 𝑐𝑐𝑆𝑆𝑆𝑆𝑆𝑆 𝑀𝑀𝑆𝑆𝑆𝑆𝑆𝑆 𝑐𝑐Li 𝑀𝑀Li
+
�
�
𝑎𝑎
𝜌𝜌𝑆𝑆𝑆𝑆𝑆𝑆
𝜌𝜌Li

where 𝑀𝑀 and 𝜌𝜌 represent the molecular weight and density, respectively.

(4-36)
The resistance

associated with this film, 𝑅𝑅film , is given by
𝑅𝑅film =

𝑐𝑐𝑆𝑆𝑆𝑆𝑆𝑆 𝑀𝑀𝑆𝑆𝑆𝑆𝑆𝑆
𝑎𝑎 𝜎𝜎𝑆𝑆𝑆𝑆𝑆𝑆 𝜌𝜌𝑆𝑆𝑆𝑆𝑆𝑆

(4-37)

where 𝜎𝜎𝑆𝑆𝑆𝑆𝑆𝑆 is the electronic conductivity of the SEI film. Electrode porosity is reduced with

increasing film thickness according to

𝑑𝑑𝑑𝑑
𝑑𝑑𝛿𝛿Film
= −𝑎𝑎
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

(4-38)

The overall capacity loss is calculated as
𝐿𝐿𝑁𝑁

𝑞𝑞Loss = 𝐹𝐹𝐹𝐹 �

𝑡𝑡

� (𝑗𝑗Li + 𝑗𝑗SEI )𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑

𝑥𝑥=0 𝑡𝑡=0

(4-39)

Local capacity loss at a specific location of 𝑥𝑥 is defined as
𝑡𝑡

𝑞𝑞Loss |𝑥𝑥 = 𝐹𝐹 � (𝑗𝑗Li + 𝑗𝑗SEI )𝑑𝑑𝑑𝑑
𝑡𝑡=0

(4-40)

Numerical method and parallel region model
A finite-element-based commercial package, COMSOL Multiphysics 5.3, was used to
solve the above model equations. The primary dependent variables are 𝜑𝜑𝑠𝑠 , 𝜑𝜑𝑒𝑒 , 𝑐𝑐𝑠𝑠 , 𝑐𝑐𝑒𝑒 , 𝑐𝑐𝑆𝑆𝑆𝑆𝑆𝑆 , 𝑐𝑐Li ,
and 𝑇𝑇. Except 𝑐𝑐𝑠𝑠 , which is defined in 2D, the other variables are defined in 1D. The generated

mesh for the 2D geometry consisted of 1480 triangular elements with a cubic element order and
for the 1D geometry included 100 elements. Further refinement of the mesh had no significant
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impact on the results. The equations at each timestep are solved using a direct solver called
MUMPS, which utilizes LU decomposition. COMSOL’s Backward Differentiation Formula (BDF)
solver, which is an implicit method, was applied for time-stepping with a tolerance of 10-6.
Newton’s method was used to solve the coupled equations to a specified relative tolerance of 10-6
in the dependent variables. A more detailed description of the numerical method for this model
can be found in Ref. [142].
As mentioned earlier, a parallel-region-model approach developed previously in our group
[142] is used to address electrode heterogeneity. In this approach, a system of three regions is
connected in parallel, each of which has a certain internal ionic resistance indicated as high,
medium, or low. As shown in Figure 4-1-a, an equivalent circuit for this system consists of three
parallel resistances, where the voltage for each region is the cell voltage and the total cell current
is the sum of the three region currents. This follows from the fact that each region is connected to
the same current collector. The portion of the current flowing in each region is inversely
proportional to its resistance and is determined by a controller function added to the model.

a)

b)

Figure 4-1: a) Electrical and b) thermal equivalent circuit models. V And Q represent cell voltage and heat
generation, respectively.
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As shown in Figure 4-1-b, a similar equivalent circuit is used for heat transport. The prior
parallel-region model assumed independent temperatures in each region, allowing one region to
be at a different temperature than the others depending on local current densities. However,
subsequent consideration of the high thermal conductivity of the metallic current collectors
suggests that regions separated by a few mm lateral distance rapidly equilibrate thermally in this
direction through the current collectors. Hence, in the current model, thermal equilibrium is
allowed by modifying the heat balance external boundary conditions one would use for a single
region (Equations 4-18 and 4-19) to become:
−λ𝑁𝑁
−λ𝑃𝑃

𝜕𝜕𝑇𝑇𝑁𝑁,𝑠𝑠
�
= ℎ�𝑇𝑇∞ − 𝑇𝑇𝑁𝑁,𝑠𝑠 � + ℎ′ �𝑇𝑇𝑁𝑁,𝑠𝑠′ − 𝑇𝑇𝑁𝑁,𝑠𝑠 � + ℎ′ �𝑇𝑇𝑁𝑁,𝑠𝑠′′ − 𝑇𝑇𝑁𝑁,𝑠𝑠 �
𝜕𝜕𝜕𝜕 𝑥𝑥= 0

𝜕𝜕𝑇𝑇𝑃𝑃,𝑠𝑠
�
= ℎ�𝑇𝑇𝑃𝑃,𝑠𝑠 − 𝑇𝑇∞ � + ℎ′ �𝑇𝑇𝑃𝑃,𝑠𝑠 − 𝑇𝑇𝑃𝑃,𝑠𝑠′ � + ℎ′ �𝑇𝑇𝑃𝑃,𝑠𝑠 − 𝑇𝑇𝑃𝑃,𝑠𝑠′′ �
𝜕𝜕𝜕𝜕 𝑥𝑥= 𝐿𝐿𝑁𝑁+𝐿𝐿𝑆𝑆 +𝐿𝐿𝑃𝑃

(4-41)
(4-42)

where 𝑠𝑠, 𝑠𝑠 ′ , and 𝑠𝑠 ′′ denote each region and its two neighboring regions in the respective positive

or negative electrode. ℎ′ is an effective heat transfer coefficient that accounts for the large

conductivity through the current collector. As such, ℎ′ ≫ ℎ is a sufficient condition to equilibrate

temperature between regions while maintaining numerical stability and a physically exact value of

ℎ′ is not required in the model. Indeed, the same value of ℎ′ is used for both aluminum and copper
current collectors for simplicity.

As mentioned above, in the parallel-region model three different regions in the electrode
are considered to represent mesoscale heterogeneity in tortuosity in a real battery electrode. Each
region has a specific tortuosity and porosity associated with it, namely a “high” region with high
tortuosity and low porosity, a “low” region with low tortuosity and high porosity, and a “medium”
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region with moderate tortuosity and porosity. Tortuosity and porosity values for the medium region
are the same as the base model parameters obtained from the experimental measurement. Table 43 lists the value of these parameters assigned for high and low regions.
A full P2D electrochemical model runs for each region separately. Thus, we assume that
the three regions communicate with each other only through the current collector, allowing
electrical current and heat to distribute through the regions. Although heterogeneity exists in terms
of electronic resistance, such resistance is generally quite small relative to ionic and therefore its
heterogeneity is not considered in our model due to negligible impact on Li plating. In addition,
we assume that active materials are distributed uniformly. That is, electrode heterogeneity only
arises from non-uniform distribution of carbon, binder, and pores, which leads to non-uniformity
in electrode tortuosity. This assumption was supported by previous observations of active material,
carbon, and binder domain in SEM/FIB images of different regions in electrode [142].
A focus of this effort is to examine the effects of the lateral heterogeneity in the electrode
that has been shown to exist on a scale of a few hundred micrometers and even to larger distances
[2, 142]. Because this scale is greater than the electrode thickness; therefore, electrodes were
considered initially homogenous in the through-plane direction. We further assume that the surface
area fraction for the three regions is equal, which is equivalent to separating a continuous
probability distribution (in this case for tortuosity) into three equal-sized bins. This is meant to
generate and illustrate heterogeneous results even if the details of the distribution are somewhat
coarse-grained. Furthermore, ionic transport in the in-plane directions between the three regions is
neglected, due to the assumed large lateral scale of the heterogeneity compared to film thickness.
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Experimental method
The measurements were performed by harvesting electrodes from a commercial 2 Ah
Graphite/LiNiCoMnO2 (NCM) 18650 cell. A fresh 18650 cell was discharged to 0% SOC, then
the two ends of the metallic can were carefully cut open so that it did not cause any damage to the
jellyroll and did not cause a short circuit. Then, the jellyroll was removed from the can and the
harvested electrode was reassembled into coin cells and pouch cells.
Coin and pouch cells were made using the harvested electrodes, a separator (Celgard 3501,
Celgard LLC, Charlotte, NC), and an electrolyte solution of 1 M lithium hexafluorophosphate in
a 50/50 (v/v) mixture of ethylene carbonate and diethyl carbonate (Sigma Aldrich) in an argon
atmosphere glovebox (moisture content 0.9ppm and oxygen content < 2ppm, VAC, Hawthorne,
CA). After completing formation cycles at 0.05 C-rate at 24 °C, the cells were cycled at various
charging C-rates (1C, 2C, 3C, and 5C). The cycling tests were carried out using a Maccor 4300
battery cycler according to the following procedure: charge at the specified constant current to 4.2
V (vs. graphite) followed by a constant voltage step to 0.05C; then discharge at 1C constant current
to a cutoff voltage of 2.5 V.
In addition, low-temperature cycling was performed for an 18650 cell at 0 °C at 2C charge
and 1C discharge rate.

Discussion

4.4.1

The base P2D model parameterization and validation
Some of the parameters of the prior model, which was for the LCO/graphite system, were

transferred to and used in the new model except the parameters specific to the NCM electrode,
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which were obtained from the literature. Additionally, design parameters such as electrode
thickness, tortuosity, porosity, active material loading were measured for the 18650 cell. Model
parameters are summarized in Table 4-1. The final base model was obtained by fitting the
simulated discharge voltage profile against the experimental data of 18650 cell cycled at different
C-rates at an ambient temperature of 24 °C. The value of intercalation exchange current density
and solid-phase diffusivity for both positive and negative electrodes were adjusted to find the best
match between the experimental result and the model prediction. Figure 4-2 shows both simulated
and experimental results, which agree reasonably well.

Figure 4-2: Cell potential comparison for simulation (line) and experimental data (symbol) at different Crates.

Model parameters related to SEI and Li plating reactions are listed in Table 4-2. Most
parameters were obtained from the literature, except the values of 𝑖𝑖0,ref for Li plating and SEI

formation reactions, which were adjusted by matching model-predicted capacity loss with our own
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Li
experimental data. Two sets of experiments were conducted to obtain two possible values of 𝑖𝑖0,ref
.

First, a 18650 cell was cycled at 0 °C to create an aggressive cycling condition and promote the
Li-plating reaction. However, the amount of capacity loss was not substantial and there was not a
visible sign of Li plating on the surface of graphite after disassembly. While this is admirable for
purposes of a well-functioning cell, it made it difficult to analyze the lithium metal formation.
Hence, additional experiments were conducted with pouch and coin cells cycled at 24°C, where a
significant capacity loss and Li plating was observed. These pouch and coin cells used electrodes
harvested from the 18650 cells. However, differences with the 18650 cells, such as the electrolyte,
can account for the increased plating.

Figure 4-3: Model fit and experimental capacity loss data for coin cell cycled at 3C rate.

Figure 4-3 shows the model fit for the capacity loss vs. cycling for a coin cell cycled at 3Crate where the Li-plating reaction rate constant was adjusted to match the capacity loss at the 10th
cycle.
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In order to obtain the exchange current density for SEI and Li-plating reaction, we assumed
the amount of capacity loss due to Li plating was much higher than the capacity loss due to SEI.
This is a reasonable assumption since capacity loss due to SEI is more significant at higher
𝑆𝑆𝑆𝑆𝑆𝑆
Li
temperatures or longer-term cycling, hence the lower value assigned to 𝑖𝑖0,ref
compared to 𝑖𝑖0,ref
.

(It is important to recognize that each reaction is concentration-, potential-, and temperaturedependent and so actual local current densities do not depend solely on 𝑖𝑖0,ref values.)
4.4.2

Local lithium plating
An exemplary 18650 cell and its associated coin and pouch cells were cycled to investigate

Li plating behavior. The 18650 cell was disassembled after 50 cycles (2C-rate and 0 °C) and it did
not have a visible sign of Li plating at the surface of the anode. However, pouch and coin cells
cycled at different C-rates showed more severe capacity loss and had significant Li deposition on
the surface of the anodes. Figure 4-4-a shows the plot of capacity loss for representative pouch
cells cycled at different charge C-rates. Photographs of the anodes of these pouch cells
accompanied by their segmented images are shown in Figure 4-4-b, where the white color
represents the area with obvious Li plating. Li plating on the surface of the anode is visible as a
distinct region and the areas of this region increases with increasing C-rate. These pouch cells were
intentionally disassembled in the charged state where graphite has a yellow color.
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a)

b)

Figure 4-4: (a) Capacity loss vs. cycle number data for pouch cells respectively cycled at 1C, 2C, and 3Crates. (b) Photographs of disassembled charged anodes (top) and corresponding segmented images (bottom)
in which the white represents regions with obvious lithium deposition and black represents regions without.

As mentioned above, pouch or coin cells compared to the 18650 cell showed more capacity
loss, and Li plating at a similar C-rate. This difference can arise from different sources. Different
electrolytes were used; possibly electrolyte in the 18650 cell included additives that could suppress
Li plating. Assembly conditions were also different, for instance, the 18650 cells likely
experienced a degassing step. Further, the metal can of the 18650 cell led to simultaneously much
higher stack pressure and a better seal. Such pressure could have a beneficial effect on suppressing
inactive Li metal formation as suggested by work by Louli et al. on anode-free cells [151]. Lastly,
disturbing the electrodes of the pouch and coin cells may have led to additional degradation as
opposed to the relatively pristine electrode state in the 18650 cell. Recognizeing that the original
SEI may not have been left intact during the harvesting process, we performed two formation
cycles on the pouch and coin cells following their assembly.
Li
The amount of Li plating for our pouch and coin cells led to a larger 𝑖𝑖0,ref
value for these

cells than for the 18650 cell. We chose to use the larger parameter for subsequent cell simulations
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since it showed the Li plating earlier and so eliminated the need for cycling the model as long to
see the effects. Even for 10 or 20 cycles the model requires substantial computational time on a
desktop computer. (Thus, use of the larger kinetic parameter can be considered as a type of
accelerated life testing.) Nevertheless, for modeling analysis for a well-designed cell, the smaller
Li
𝑖𝑖0,ref
value obtained for the 18650 cell may be used. Note that when applying this model to other

Li
cells, a unique 𝑖𝑖0,ref
value particular to a cell can be determined by matching capacity loss under

cycling conditions likely to cause lithium plating. Furthermore, improved experimental
quantification of the actual amount of inactive Li metal formed could inform the estimation of this
parameter [152].

Figure 4-5: SEM images of the surface of the graphite anode with lithium deposition, showing non-uniform
lithium deposition on the surface of the anode.

Scanning electron microscope (SEM) images were taken from the surface of a pouch cell
anode with Li deposition (interior of the white area in Figure 4-4-b). As shown in Figure 4-5, Li
plating heterogeneity was observed with spacing on the order of a few hundreds of micrometers.
Heterogeneous electrodes with areas of locally high ionic resistance can exacerbate the effect of
mass-transfer limitations, especially at high charge C-rates. Although the underlying cause of
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localized Li plating can be more complex, we postulate that localized Li plating is accelerated
when electrode heterogeneity is accompanied by other factors that can promote Li plating such as
edge effects [153, 154], uneven pressure [155], or temperature and potential gradients across large
electrode distances.
After parameterizing our parallel-region model with experimental cell data, we then used
it to investigate the effect of electrode heterogeneity on the extent of localized Li plating.

4.4.3

Heterogeneity study
Lateral heterogeneity may exist in both cathode and anode coatings. In this study, we

consider three different cases to investigate its effect on lithium plating. For the first case, we
consider both anode and cathode to consist of three different resistance regions. The three regions
are aligned, meaning the high-resistance region of the anode is facing the high-resistance region
of the cathode and so on, which represents the most extreme case of heterogeneity in a cell. For
the second case, the anode is heterogeneous (consisting of three different regions); however, the
cathode is made uniform meaning all three regions having identical base-level properties. And
finally, for the third case, a uniform anode is coupled with a heterogeneous cathode. The purpose
of the two latter cases is to investigate the separate contribution of each electrode’s heterogeneity
on Li plating.
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Figure 4-6: Simulated fractional loss in electrode capacity for 2C charge and 1C discharge for three cases:
(a) both anode and cathode are heterogeneous (aligned), (b) a heterogeneous anode is coupled with a
uniform cathode, (c) a heterogeneous cathode is coupled with a uniform anode. Discrete points calculated
at the end of each cycle were connected to form smooth curves.

Figure 4-6 shows capacity loss vs. cycling number for the three cases of cell heterogeneity.
The plots were generated at 2C charge and 1C discharge rate. Capacities were calculated at the
end of each charge-discharge cycle but were treated as a continuous curve in the plot. For the first
case (Figure 4-6-a) in which heterogeneity existed in both electrodes (aligned), there is a
significant difference in local capacity loss between the regions. This observation suggests that
the region with high ionic resistance is more prone to Li plating. For the second case (Figure 4-6b) where the cathode was chosen to be uniform, there is still a significant non-uniformity in the
capacity loss that is similar to the case where both electrodes were heterogeneous. This clearly
indicates that cathode uniformity does not have a significant effect on reducing non-uniformity in
Li plating and local capacity loss, at least for the coating porosity and thickness values used here.
However, for the last case (Figure 4-6-c) in which the anode was chosen to be uniform, it leads to
a more uniform distribution of Li plating and capacity loss in the three regions. This result clearly
shows the significance of anode microstructure uniformity for delaying the Li plating onset. Or
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from another standpoint, to have a more accurate prediction of Li-plating onset it is necessary to
account for the heterogeneity in the negative electrode in the electrochemical model.
As mentioned previously, the Li-plating exchange current density used for generating
Figure 4-6 is based on the coin cell capacity loss with a relatively high degree of Li plating. For a
well-designed 18650 cell, this value is much lower, leading to much less Li-deposit growth even
for the high-tortuosity region (Figure 4-7-a) over 10 cycles. Nevertheless, for the well-designed
cell, Li plating follows expected trends: getting worse with increasing charge rate (Figure 4-7-b)
and for higher-resistance regions. Comparing Figure 4-7-a to 4-6-a shows that for the case of
the18650 cell, the capacity loss is still in the linear region because there is still no feedback to slow
the growth of the Li deposit, and is equivalent to 0.18 cycles of the coin cell. Upon increasing the
cycling number, plating in the 18650 cell is expected to reach a nonlinear region similar to what
is observed in Figure 4-6.

Li
Figure 4-7: Simulated capacity loss of three regions based on exchange current density ( 𝑖𝑖0,ref
) value
obtained from the 18650 cell.
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Figure 4-8 shows the voltage and temperature profiles of the three regions for an initial 3C
charge and 1C discharge cycle. The voltage profiles of the three regions are comparable with slight
differences in state of charge at the end of discharge, meaning that higher tortuosity results in
slightly lower effective capacity. The temperature profile of the three regions overlaps throughout
the entire cycling period, which confirms thermal equilibrium between the regions via the common
current collectors. The largest observed temperature rise occurs during the relatively fast constant
current charging step, indicating this is the time most susceptible to thermally induced damage to
cell materials. The heat transfer coefficient used here produces a maximum 4 K temperature rise;
this approximation likely underestimates the temperature rise in the center of a multi-layer cell and
overestimates the temperature rise on the outer surface of a cell.

Figure 4-8: Simulated cell potential and temperature profile of three regions at 3C charge and 1C discharge
cycle.

4.4.4

Li plating distribution within the thickness of the anode
Figure 4-9 shows fractional capacity loss and porosity change of the three regions

throughout the thickness of the anode and at three stages of cell cycling. The information in this
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figure warrants substantial discussion. A fractional loss of capacity is used here as a metric to
gauge the amount of inactive lithium present in a particular location in the anode. Fractional loss
is the concentration of inactive plated lithium divided by the corresponding amount of cyclable
lithium per volume at initial anode capacity. The model was cycled at 3C charge and 1C discharge
Li
rate for 20 cycles, and the higher (coin cell) value of 𝑖𝑖0,ref
was used for this and future plots.

In the first cycle (Figure 4-9-a), Li plating is more severe as expected in the high-tortuosity

region and the low region has the lowest amount. For all regions, the highest Li-plating amount is
at the separator interface and continually decreases until it is negligible at around 40% depth of
the anode.
Li-deposit growth near the separator region reduces the porosity within that volume as
depicted in Figure 4-9-b. This result suggests that even though we assumed initial uniform
tortuosity and porosity in the through-plane direction, allowing the porosity to change over time
in this direction leads to heterogeneity in the through-plane direction besides heterogeneity in the
lateral direction. The progressive heterogeneity in the through-plane direction can cause the
evolution of a feedback mechanism that is discussed below.
As cycling proceeds Li deposits in all three resistance regions; however, we can see that
eventually, the rate of Li plating decreases in the high region as the porosity of this region becomes
very small. Then, the Li plating of the low and medium regions begin to approach that of the high
region until cumulative Li plating near the separator becomes comparable for all three regions. So,
the results clearly demonstrate that there is dynamic feedback in the transport of ions that can cause
the plating to eventually become uniform between different-resistance regions.
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Figure 4-9: Localized plating of Li in terms of fractional loss in capacity within the anode thickness after
(a) first, (c) 10 and (e) 20 cycles. Local porosity profile within the thickness of the anode for three regions
after (b) first, (d) 10 and (f) 20 cycles.

Interestingly, when electrode porosity at the separator interface of the anode becomes
significantly small (lower than 7%), Li starts to plate from the other side of the electrode, which is
at the current collector interface. This behavior is demonstrated in Figures 4-9-c and 4-9-d where
Li is noticeably deposited on the current collector side for the high region at cycle 10. At cycle 20
(Figure 4-9-e and 4-9f), Li deposition in the medium region is also reaching this tipping point, and
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plating has started from the current collector side. However, for the low region, there is no sign of
Li plating at the current collector side after 20 cycles.
It should be mentioned that Li plating in a real cell can grow off the surface of the anode
into a space between the anode and separator, pushing up the separator or even penetrating through
the separator. However, such a mechanism is not included in our model. Essentially there is no
failure mechanism in this model that causes Li dendrites to extend beyond the vicinity of graphite
active material.
The simulated Li plating that occurs at the current collector side rather than just at the
separator side is unexpected. While we find no reference to such a phenomenon in the published
scientific literature, anecdotal reports from the industry suggest that lithium plating is observed at
times on the current collector and is associated with the delamination of the anode. Such localized
delamination or electronic isolation of portions of the anode can obviously lead to a significant
loss in cell capacity and further exacerbates other failure mechanisms.

Figure 4-10: Electrolyte concentration profile of three regions at the end of 3C constant current charge step
at cycles 1, 10, and 20. Each electrode and the separator are scaled to have a dimensionless thickness of
one.
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Figure 4-10 shows how the electrolyte concentration gradient develops within the cell at
the end of the constant-current charge step for cycles 1, 10, and 20. There is a concentration
gradient across the cell to some extent; however, it does not reach the limiting current where the
ions are fully depleted in the anode. This result indicates that diminished electrolyte concentration
is likely not the primary driver of Li plating. Nevertheless, a comparison of cycle 20 to the first
cycle shows that as cycling proceeds there is more polarization across the cell.
Figure 4-11 shows the overall capacity loss in the three regions vs. cycle number. This
quantity is the accumulation or average of the localized capacity loss in the prior figures. For the
high region, the rate of capacity loss is initially high then it levels off and a secondary mechanism
starts around cycle 5 which is associated with Li plating at the current collector. A similar
mechanism happens for the medium region at around 11 cycles; however, for the low region, this
does not occur within 20 cycles.

Figure 4-11: Fractional capacity loss vs. cycling at 3C charge rate.
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Conclusions
In order to reduce the degree of Li plating in a cell, it is necessary to understand the root
causes. This work examines the interplay of electrode heterogeneity and Li plating by utilizing a
parallel-region model that combines three Newman-type submodels and an equivalent-circuit
controller. A prior model using this same principle was extended by incorporating irreversible SEI
and Li-plating reactions. The three parallel regions represent portions of the electrode that have,
respectively, high, medium, and low ionic transport resistance. These model assumptions are valid
for lateral heterogeneity in tortuosity on length scales greater than the thickness of the electrode
film, meaning hundreds of micrometers or greater.
To parameterize the model, experiments were performed for a 18650 cell and associated
coin and pouch cells, under cycling conditions that promoted Li plating. Visual confirmation of
plating was made for the pouch cells. The 18650 cell experienced enhanced capacity loss that we
associated with lithium plating though clear visual confirmation of plating was not made.
Using the model the effect of electrode heterogeneity on Li plating was investigated for the
three cases: both anode and cathode heterogeneous, heterogeneous anode coupled with a uniform
cathode, and a heterogeneous cathode coupled with a uniform anode. The simulations show that
heterogeneity in the anode can result in non-uniform Li plating however cathode heterogeneity did
not have a significant effect. That is, a non-uniform anode leads to more Li deposition in the higher
tortuosity region, especially at higher C-rates.
At the 3C charging rate simulated here, Li initially plates exclusively at the high tortuosity
region near the separator, and with further cycling Li plating tends to shift to the lower tortuosity
regions and even to the current collector side as well. When Li deposition occurs upon cycling the
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anode porosity changes with time leading to heterogeneity in porosity and tortuosity in the
through-plane direction.
Analysis of capacity loss vs. cycling indicates that there is a feedback mechanism with
cycling; that is, after a certain cycle number the rate of Li plating for high-tortuosity region
decreases at the separator side and the other two regions will eventually catch up with further
cycling. This suggests that the effects of heterogeneity in some instances are mitigated.

Appendix
In addition to the equations and also the parameters were defined in this chapter, a few of
the parameters were defined as a function of the concentration and temperature. These parameters
and the equations to estimate them are listed below [142, 156].
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5

SUMMARY AND PERSPECTIVE

This chapter first summarizes the work that has been done in this dissertation. It is followed
by a section that explains some of the unsuccessful efforts for localized ionic measurement, which
were necessary toward finding an eventual solution. Finally, some recommendations for future
work are presented.

Summary of the work
State-of-the-art battery technology not only depends on developing novel materials but also
depends on the choices of existing materials and of cell design, which determine electrode
microstructure. Electrode microstructure strongly correlates to ionic and electronic transport which
in turn affects battery performance. In this work, we used a combination of modeling and
experiment to provide a better understanding of ionic transport in the electrode and its relationship
to cell degradation and electrode heterogeneity.
Chapter 2 of this dissertation discusses characterization techniques for quantifying ion
transport in battery electrodes. This work compares two experimental methods that determine
tortuosity based on diffusivity or conductivity, respectively, namely the polarization-interrupt
method previously developed by our group and the blocking-electrolyte method proposed by
Gasteiger and coworkers. A generalized transmission-line model that accounts for multiple sources
of impedance is proposed for analyzing the blocking electrolyte method experiment. Both methods
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were validated by showing statistical agreement between the tortuosity values of several
commercial-quality electrodes obtained via these two methods. The advantages and disadvantages
of each method and variables that can affect the accuracy of the measurement, such as electrode
wetting and model fitting, are discussed. For particular electrodes, one method may be
advantageous or more conveniently applied than the other. These characterization techniques
provide a valuable tool for battery design engineers and researchers from down selecting the proper
material to study different aspects of the electrode fabrication process and cell degradation.
Chapter 3 of this dissertation discusses how the blocking electrolyte characterization
technique is implemented along with the micro-four-line probe technique to study the effect of cell
cycling on ion and electron transport in the electrode. For the first time, to the best of our
knowledge, the magnitude of the changes in ionic and electronic conductivities with cycling were
quantified in this work. This study was performed for a graphite anode and several cathode
chemistries including LCO, NCM, LFP, and blends of transition metal oxides. We observed clear
evidence of changes in tortuosity and electronic resistivity during cell formation and cycling, with
a strong dependence on electrode chemistry and cycling condition. The results indicate that, under
normal cycling conditions, electronic resistivity increases while tortuosity decreases. However,
accelerated (high-temperature) cycling conditions can lead to both electronic resistivity and
tortuosity increase. This work suggests that although the choice of cell chemistry and cycling
condition depends on the application of the battery, alleviating degradation effects by revising cell
design might be possible to some extent.
Newman-type or macro-homogeneous cell models have had a significant contribution in
design and optimization of Li-ion batteries. In order to lower the computational cost and
accommodate limited experimental information, such models assume that battery electrodes are
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functionally homogenous. However, this assumption can be far from reality even for commercialquality electrodes, due to variability in microstructure that arises during the manufacturing process.
Chapter 4 of this dissertation discusses the interplay of electrode heterogeneity and Li
plating by utilizing a combination of a Newman-type model and an equivalent-circuit model
(previously developed in our group). The prior model was extended by incorporating the SEI and
Li-plating reactions for a cell composed of NMC cathode and graphite anode. The model was
parameterized and validated using experimental data. The equivalent-circuit model consists of
three parallel resistances; each represents high, medium, and low tortuosity regions in an electrode
film. In this work, we initially dealt with heterogeneity in tortuosity at a mm length scale in the
lateral direction of the coating. However, upon cycling non-uniform plating within the thickness
of anode resulted in heterogeneity in the through-plane direction as well.
This work shows that regions with locally high tortuosity are more susceptible to Li plating.
In addition, it shows that the effect of a heterogeneous anode on non-uniform plating is more
significant than of a heterogeneous cathode. Therefore, to alleviate the effect of non-uniform
plating and potential failure one must improve the uniformity of the anode coating. Finally, the
results show that there is a feedback mechanism in Li-plating behavior, that is, Li plating starts
from the high-tortuosity region but the other two regions will eventually catch up with further
cycling. This works provides a better insight into the Li-plating mechanism and its relationship to
electrode heterogeneity that can guide battery researchers to mitigate this degradation mode.

Unsuccessful localized ionic measurement
An early objective of this work was to design a robust and reliable experimental technique
to measure local effective ionic conductivity of an intact battery electrode. This technique was
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intended to be used to study electrode homogeneity and isotropy which impact battery performance
and cycle life. In this section, I talk about some unsuccessful efforts to make localized
measurements in order to pass on what was learned from the effort. These attempts eventually led
to success under the direction of a subsequent student.
The micro-four-line probe, which is used for electronic measurement [75] and is explained
in Chapter 3, was originally intended to be used for localized ionic measurement with some
modifications to the design. However, a localized ionic measurement was a lot more challenging
than the corresponding dry electronic measurement. Some of the challenges are listed below:
•

Ionic measurements need to be done with electrolyte-wetted electrode samples
therefore there can be electrochemical reactions that can and often do lead to
corrosion of the probe lines.

•

With electrolyte-filled samples, electrical conductivity will be a combination of
electronic and ionic conductivity, so it is important to distinguish between these two
conductivities in designing and analyzing experiments.

•

We need to control electrolyte evaporation as this will change concentrations of ions
and influence the experiment in undesired ways.

•

The probe should have the capability to drive the high amount of current needed to
penetrate deep into the electrode sample hence probe surfaces need to have a high
surface area.

The first tested strategy was the “jail bar design”, shown in Figure 5-1, to avoid electronic
contact between the probe’s metallic lines and the porous sample film. The metallic lines were
sunk into the probe surface, creating a small gap between the probe line and the active material
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particles. This gap should be completely filled with the electrolyte to properly perform ionic
conductivity measurements, while at the same time preventing electronic contact.

Figure 5-1: Jail bar design for micro-four-line probe.

An integral part of this task was finding a probe electrode material and compatible electrolyte
that could withstand corrosion during repetitive measurements. The downside to the microscale
geometry of the four-line probe was that each metal line was only a few microns wide, with
possibly sub-micron thickness. The redox reactions at the positive and negative electrodes (probe
lines) could be very aggressive and could damage the electrodes (probe lines). In the worst-case
scenario commonly observed, a part of the line was eaten away and lost electrical connection.
Based on our preliminary experiments, it was almost impossible to recover a broken probe that
had lost part of a metallic line. Even if it did not damage the entire line, changes at the surface of
the electrode could become a problem for getting consistent and reliable results. Getting a
consistent result or interpreting the data could be very difficult, if we could not control all the side
reactions that may happen along with the reaction of interest.
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In order to resolve the issue of corrosion and design a durable probe that can take several
reliable local measurements, different strategies were tested which can be divided into two general
categories: DC experiments and AC impedance experiments.
DC experiments. For ionic conductivity measurements based on DC experiments, a direct
current is applied to the outer lines and voltage is measured through the inner lines. Two strategies
were integrated into this experiment to reduce the damage that occurs to the probe lines during
testing. The first strategy was maintaining inert electrode surfaces by using a redox shuttle as an
electrolyte. The second strategy was to use active electrodes, meaning intentionally creating ions
by consuming one electrode and depositing them on the surface of the other electrode. In order to
prevent depleting all the metal on the positive electrode, the current polarity needs to be reversed
every other cycle. Both of these DC strategies were used for a copper-plated probe and were not
successful. This means that the copper was not durable enough even when redox shuttle electrolyte
was used. For instance, with the redox shuttle electrolyte, the probe lines were supposed to stay
inert; however, the test results showed they underwent an electrochemical reaction causing severe
damage to the probe. This was despite the fact that different driving voltages were attempted to
make the dissolution reaction less aggressive.
The original design for the micro-four-line probe had copper electroplated lines. However,
for the DC experiment based on a redox shuttle or for the AC experiment, other metals can be used
as probe lines. To resolve the corrosion problem of the micro-four-line probe, one solution was to
electroplate gold or another noble metal over the copper-plated lines of the probe to provide a more
electrochemically stable probe.

Another alternative was to use glassy carbon for making

electrochemically stable lines. Some preliminary work was done to make patterned glassy carbon
out of SU8 (an epoxy used in microfabrication) on a silica substrate. However, the electronic
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conductivity of the glassy carbon is low relative to metal, which means a nickel layer beneath the
glassy carbon is necessary. According to these preliminary results, making glassy carbon at the
micro-scale after the deposition of nickel on a silica substrate was challenging due to its weak
adhesion to the nickel.
AC experiments. To resolve these issues, an alternative AC experiment based on a blocking
electrolyte was proposed. AC tests that are based on a non-reacting electrolyte are less aggressive
than DC experiments. I intended to adapt the blocking electrolyte technique for a symmetric pouch
cell to the micro-four-line probe. Each pair of lines in the micro-four-line probe could be used to
measure the impedance of the electrolyte-filled sample. Based on the probe shape factor and
measured overall impedance, ionic conductivity could then be calculated using a mathematical
model.
Adapting the blocking electrolyte method to the micro-four-line probe was still challenging.
Since the microscale lines of the probe did not have the capability to pass the current deep enough
to the electrode sample, therefore a probe with a much higher surface area was necessary for
localized ionic measurements. Indeed, the blocking electrolyte experiment illustrated in Figures 310 and 3-11 was an intermediate step toward a truly microscale conductivity measurement. In that
work, a series of small-area porous electrodes were placed opposite a larger porous electrode in
order to detect changes in tortuosity across the larger electrode.
The many attempts toward a localized measurement provided the foundation of a successful
solution by a subsequent graduate student. The successful approach makes use of an aperture
combined with a high-surface-area porous silver membrane to implement the blocking-electrolyte
technique on a much smaller scale. In essence, the method measures localized ionic conductivity
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by forcing all the ions to go through a very small hole in an impermeable polymer layer between
the sample and the high-surface-area probe. This is illustrated in Figure 5-2.

Figure 5-2: Successful design for localized ionic measurement.

Recommendations for future work:
The tools and understanding developed in this work can be expanded to improve Li-ion
battery performance and lifetime. Optimizing the electrode design and manufacturing process to
achieve a uniform microstructure and with minimized ionic resistance can lead to improving rate
capability and energy density of Li-ion batteries. Such changes will help to mitigate the Li-plating
issue and thus improve cycle life and safety while employing fast-charging protocols. In what
follows, I describe some of the possible specific areas for expanding this research.
The tortuosity characterization technique explained in Chapter 2 provides a valuable tool to
study the effect of different parameters on electrode microstructure and ion transport. This
technique was used in Chapter 3 of this work for investigating the effect of cycling. This technique
could likewise be utilized to answer other scientific questions, such as the effect of different slurry
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mixing processes or coating drying methods on ion transport and battery performance. The work
in Chapter 3 could also be expanded with more in-depth post mortem analysis to confirm a
mechanism that explains the observed trends in ionic and electronic conductivities. Some of the
post mortem analyses could be half-cell (i.e. single porous electrodes vs. lithium metal) studies of
anodes and cathodes to better understand changes in impedance and capacity. Further analysis of
the byproducts of solvent decomposition reactions could also be done.
The last stage of this work, the cell heterogeneity modeling, can be further expanded and
combined with newly available localized ionic measurements. Additional failure mechanisms can
be incorporated into the model such as Li deposition on the surface of the anode (as opposed to
the interior) and Li dendrite growth through the separator. Such a model would be an improvement
to the conventional Newman-type model to accurately predict multiple modes of cell failure in
terms of the Li-plating, hence providing a valuable tool for mitigating this issue.
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